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Foreword 


The Committee on Human Factors was established in October 
1980 by the Commission on Behavioral and Social Sciences and 
Education of the National Research Council. The committee is 
sponsored by the Office of Naval Research, the Air Force Office 
of Scientific Research, the Army Research Institute for the Be- 
havioral and Social Sciences, the National Aeronautics and Space 
Administration, and the National Science Foundation. The prin- 
cipal objectives of the committee are to provide new perspectives 
on theoretical and methodological issues, to identify basic research 
needed to expand and strengthen the scientific basis of human fac- 
tors, and to attract scientists both within and outside the field for 
interactive communication and to perform needed research. The 
goal of the committee is to provide a solid foundation of research 
as a base on which effective human factors practices can build. 

Human factors issues arise in every domain in which humans 
interact with the products of a technological society. In order to 
perform its role effectively, the committee draws on experts from 
a wide range of scientific and engineering disciplines. Members of 
the committee include specialists in such fields as psychology, en- 
gineering, biomechanics, physiology, medicine, cognitive sciences, 
machine intelligence, computer sciences, sociology, education, and 
human factors engineering. Other disciplines are represented in 
the working groups, workshops, and symposia. Each of these 
contributes to the basic data, theory, and methods required to 
improve the scientific basis of human factors. 
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Preface 


Jn the prospectus for the workshop, co-chairman Kroemer de- 
scribed three major classes of models: anthropometric , represen- 
tations of static body geometry such as body dimensions, reach, 
position of the body and/or its parts, posture; biomechanical, rep- 
resentations of physical activities of the body in motion, using an- 
thropometric data as inputs; and interface , specific combinations 
of anthropometric and biomechanical models for representations 
of human-machine interactions. These models can all contribute 
to the system design process. Their integration into a compre- 
hensive ergonomic model of the human operator could provide a 
valuable tool for researchers, designers, and program planners. 

Consequently, the Committee on Human Factors convened a 
two-day workshop on June 17 and 18, 1985, in Washington, D.C., 
to assess the feasibility of developing an integrated ergonomic 
model and, if deemed feasible, to determine how to approach 
its development. The specific objectives of the workshop were to 
(1) assess the usefulness of current anthropometric, biome< hanical, 
and interface models; (2) identify critical points of compatibility 
and disparity among these models; (3) review the feasibility of 
using these existing models in the development of an integrated 
ergonomic model; and (4) if feasible, recommend a research ap- 
proach to the development of an integrated ergonomic model, 
including studies needed for each of the three major classes of 
models to provide a basis for an integrated ergonomic model. 
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Fifteen experts in anthropometry, biomechanics, bioengineer- 
ing, work physiology, human factors engineering, psychomotor per- 
formance, computer modeling, and system design and operation 
participated in the workshc Background papers were provided 
m advance for each of the three modeling domains: anthropomet- 
ric, biomechanical, and interface. In addition, the participants 
prepared brief position papers for distribution prior to the work- 
shop. These bac! ground and position papers, workshop delibera- 
tions, and follow-up materials constitute the basic elements of this 
project report. 

The audience for this report consists primarily of those pro- 
fessionals concerned with ergonomic modeling and system design 
both within and outside the human factors community, including 
those involved in research, training, engineering, system develop- 
mentand acquisitmn, operations, programming, and maintenance. 

We thank the workshop members for their prodigious efforts 
We also express our gratitude to a number of persons who con- 
tnbuted extensive additional information foUowing the workshop: 
Albert I King and William S. Marras for their research and compi- 
lation of the section on biomechanical models, an outstanding table 
of biomechanical models, and their contributions to development 
ot research needs for biomechanical models; John T. McConville 
for his preparation of the section on anthropometric models and 
for formulating research needs for anthropometric models; Alvah 

ROFUam' £’" bo P r ° vided much of the information on the 
BOEMAN, CAPE, and CAR model sections; Joe W. McDaniel 

r d ^ V 1 i?i!, nformation for the 8ectioDS on COMBIMAN and 
CREW CHIEF; and to James L. Lewis, Jeri W. Brown, and 

tSEtoitc ' W °° ford > who Provided the discussion of the PLAID- 
1UMP US model. 

A note of special appreciation is extended to Stanley Deutsch 
the former committee study director, who worked with us to plan 
and organize the workshop, participated in the meeting, and con- 
tributed to the editing of this report; Susan K. Meadows, a major 
editor of this report who augmented, coordinated, and integrated 
he workshop proceedings into a report format; Michael K. Hayes 
freelance editor, who improved the clarity and style of the final’ 
report; and Margaret A. Cheng, the committee’s former admin- 
istrative secretary, who provided secretarial and administrative 
support. 


Karl H E. Kroemer and Stover H. Snook, Cochairs 
Workshop on Integrated Ergonomic Models 
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1 

Introduction 


The efficient and safe operation of civilian and military sys- 
tems requires that tasks, equipment, and the work environment 
be compatible with the users’ capabilities. Too often equipment 
is designed as if it stood alone, and the task is conceived as if 
it were independent of human characteristics. There are situa- 
tions in which equipment and system failure are believed to be 
caused by human error, despite the fact t!»at the equipment or 
system was developed with little consideration of the capabilities 
and limitations of the people who operate and maintain it in a 
field environment. Due to exigencies of time, limited budgets, in- 
formation gaps, or just lack of consideration, these characteristics 
of the user are frequently ignored by the designer, engineer, and 
fabricator of the equipment. Even when people are considered, 
too often that consideration is incomplete or inaccurate owing to a 
lack of knowledge or thoroughness. Yet, in many instances, people 
may be the limiting factor in the effective use of this equipment. 

Since the interactions among the person, the equipment, the 
task, and the environment are complex, many researchers and en- 
gineers are concerned with the need for ergonomic models that 
describe the physical characteristics of people and their interac- 
tions with the task and equipment in the work environment. Such 
models should be representations of real systems designed to de- 
scribe and predict their essential characteristics and performance. 
In addition, if feasible, the development of a standard integrated 
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ergonomic model would provide a means for extrapolating data 
across a variety of users and increase the data base. 

As noted in the following chapters, there have been numer- 
ous efforts to develop descriptive physical models of the human 
body (see especially Table 3-1, Biomechanical Models). In most 
instances, the development of anthropometric and biodynamic 
models has not extended beyond the requirements to meet the 
specific application needs of the moment. Such specialized models 
may serve their specific purposes well but usually give little help in 
predicting or solving general human- technology interaction prob- 
lems outside their specific boundaries. In addition, many of the 
existing models cannot be joined to form a more general model or 
be extended into an integrated ergonomic model. 

In the past, construction of models that describe people in “the 
real world” has been limited, due in large part to our inability to 
capture the versatility and mobility of the human body. In order to 
develop a universal ergonomic model, comprehensive and accurate 
representations are required for such factors as physical size, visual 
field perception, reach capabilities, loadings on muscles and bones 
and their responses and strength capabilities. 

. , ^ ec * se examination of anthropometric and biodynamic data 
is facilitated by modern data management techniques such as com- 
puter graphics and relational data bases for studying physical in- 
teractions. The trend toward the use of common disciplinary (and 
interdisciplinary) structures, applications software, and data base 
formats by many researchers helps to provide a larger library of 
related information. The automation of static and dynamic mea- 
surement systems for data acquisition for body mapping, reach 
kinematics of motion, and their interactions with independent 
variables such as work environments provides a wealth of detailed 
and accurate information. An integrated ergonomic model could 
encompass all three of the more primitive models, i.e., provid- 
ing anthropometric, biomechanical, and interface information for 
various populations, under various conditions, for various tasks 
in their interactions with various technical components. To have 
the greatest utility, the integrated ergonomic model should be ca- 
pa e of generalization and contain adequate refinement of detail 
to be applicable to other design, research, or analytic situations. 
At the same t.me, in order to be used it must be user-friendly 
and t. me- and cost-effective. Since anthropometric, biomechani- 
cal, and interface models provide the basis for the development of 
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an integrated ergonomic model, any limitations and shortcomings 
of the former impose restrictions on the usefulness of the latter. 

The study group identified current anthropometric, biome- 
chanical, and interface models; determined that they were useful; 
and provided examples of their applications. Shortcomings of 
these models were described, and the additional research needed 
to increase their value was explored for each of these three classes 
of models. Among the shortcomings are the disparity and incom- 
patibility among the methods used by investigators to collect the 
data, frequently resulting from the use of samples that are too 
small to provide reliable data, and the variety of methods used for 
measurement and data collection. 

The workshop members determined that it was feasible to 
incorporate various models from these three classes into a general 
integrated ergonomic model or smaller modules and recommended 
a program of research for their development. The study group 
further recommended approaches to the collection of additional 
data using a standardized format and nomenclature and their 
incorporation into the overall model or modules. 

The following chapters describe the current status of devel- 
opment of anthropometric, biomechanical, and interface models, 
giving limitations and listing research needs specific to each. Ap- 
proaches to the development of integrated ergonomic models are 
discussed, and research recommendations are provided for further 
development of lower-level models. 


2 

Anthropometric Models 


Human body models come in many forms, including two- 
dimensional drafting board templates, sizing manikins, three- 
dimensional physical dummies for biodynamic tests, and com- 
puter analogs. The discussion of anthropometric models will cen- 
ter largely on computer analogs. Most computer models were 
developed with a particular purpose in mind — such as biodynamic 
testing, strength assessment, or human factors evaluations. What- 
ever their differences, models share a basic need for accurate rep- 
resentation of body size, shape, and proportion in all of their 
exasperating permutations. Much of this challenge falls in the 
domain of physical anthropology and engineering anthropometry. 


THE ANTHROPf METRIC DATA BASE 

In the United States, formation of an anthropometric data 
bank was initiated in 1973 by C.E. Clauser of the Harry G. Arm- 
strong Aerospace Medical Research Laboratory (AAMRL). The 
data bank was meant not only as a repository for information 
from a variety of sources but also as a facility in which such data 
would be processed and cast in a comparable format to permit 
recall and analysis for design purposes using computer routines. 
Over the years, the data bank has expanded steadily; today it con- 
stitutes a unique anthropometric source for designers, engineers, 
and modelers. 

The 1985 holdings of the AAMRL’s anthropometric data bank 
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included 51 separate surveys. Most of the data are based on mil- 
itary rather than civilian populations and on male rather than 
on both male and female groups. These disproportionalities in 
coverage are not by design but are due to the limitations of avail- 
able data. Table 2-1 provides a listing of the current holdings 
of the data bank for U.S. and foreign military populations. The 
surveys range in time from 1946 to 1981, with the majority being 
conducted in the 1960s. In any one survey, as few as 46 body 
size variables were measured with the largest number of variables 
(189) being measured in the U.S. Air Force’s 1967 survey. In all, 
more than 300 measured variables, from one or more surveys, are 
included in the current data bank. A major survey to update the 
anthropometric data base for the U.S. Army was begun in 1987 
and is scheduled for completion in 1988. Data on foreign mili- 
tary populations in general include fewer subjects and variables 
For an overview, check the NASA Anthropometric Source Book 
(National Aeronautics and Space Administration, 1978). 

The anthropometric data base for the U.S. civilian population 
as a whole is rather weak. No comprehensive anthropometric 
study of the civilian population has ever been undertaken. Our 
knowledge of U.S. civilian body size variability (see Table 2-2) 
comes primarily from the various health and nutrition surveys 
beginning with the first 1962 Health Examination Survey (HES) 
(Stoudt et al., 1965). v ' 

In these surveys, investigators were concerned with health 
and nutritional assessment and obtained only limited anthropo- 
metric data (primarily on mass-related dimensions, such as girths 
and skinfolds). In the 1962 HES survey, 12 workspace and 7 
nutrition-related dimensions were measured on a nationwide sam- 
ple (n = 6,672) of civilians aged 18-79 years. These data, limited 
as they are in the description of body size variability and the fact 
that they are 25 years old, are still the best available for the U.S. 
civilian population. The sample was sufficiently large, however, to 
provide adequate descriptors for sex, age, and some racial groups. 

Since the utility of military data for civilian populations has of- 
ten been challenged, McConville et al. (1981) attempted to match 
military samples with the HES civilian samples cn the basis of 
height and weight. For the males, results were good in that almost 
98 percent of the civilians from the HES study were matched with 
U.S. Army subjects from a single survey. By comparing seven 
dimensions that were similarly measured in the U.S. Army and 
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TABLE 2-1 


Military Data Contained in the 
AAMRL Anthropometric Data Bank 


Survey 

Date 

Population 

Sample 

Sise 

Variables (No.) 


U.S. Military Males 



1950 

U.S. Air Force pilots 

4,000 

146 

1950 

U.S. Army aviators 

500 

46 

1964 

U.S. Navy aviator* 

1,529 

98 

1965 

U.S. Air Force ground personnel 

3,869 

161 

1966 

U.S. Army ground personnel 

6,682 

73 

1966 

U.S. Navy enlisted 

4,095 

73 

1966 

U.S. Marines enlisted 

2,008 

73 

1967 

U.S. Air Force fliers 

2,420 

189 

1970 

U.S. Army fliers 

1.482 

88 

Total 


26,585 



U.S. Military Females 



1946 

U.S. Women’s Army Corps 

7,563 

65 

1968 

U.S. Air Force women 

1,905 

139 

1977 

U.S. Army women 

1.331 

151 

Total 


10,799 


U.S. military total 

37,384 



Foreijm Military PoDulations (Male) 


1960 

Turkish armed forces 

912 

151 

1961 

Greek armed forces 

1,071 

151 

1961 

Italian armed forces 

1,342 

151 

1961 

Korean military fliers 

264 

132 

1964 

Vietnamese military forces 

2,129 

51 

1967 

German air force 

1,466 

152 

1969 

Iranian military 

9,414 

74 

1970 

Lacin-American armed forces 

1,985 

76 

1970 

Royal Air Force aircrew 

2,000 

64 

1972 

Royal Air Force head study 

500 

46 

11. *2 

Royal Australian Air Force 

482 

18 

1973 

French military fliers 

174 

118 

1974 

Royal New Zealand Air Force aircrew 

238 

63 

1974 

Canadian military forces 

565 

S3 

1977 

Australian personnel 

2,945 

32 

1975 

British Army survey 

1,537 

61 

1975 

English Guardsmen 

100 

61 

1976 

English Transport Corpsmen 

161 

61 

1976 

United Kingdom Gurkhas 

36 

61 

1976 

Hong Kong Chinese military 

73 

47 

1981 

Israeli aircrewmen 

360 

63 

Foreign military total 

27,754 


U.S. and foreign military total 

65,138 



SOURCE: Harry G. Armstrong Aerospace Medical Research Laboratory 
anthropometric data bank (1985). 
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n U th. A i 4,Iip n T P * PU ! ati0n Data Co "‘»ined 
he AAMRL Anthropometric Data Bank 


Survey 

Date 


U.S. civilian males total 


Adult Female s 


1962 

1971 

1975 


Health Examination Survey (HES) 
Airline stewardesses 

U.S. miners 


1980 

1981 

U.S. civilian females total 
U.S. civilian total 


Sample 

Site Variables (No.) 


Adult Male* 

10K7 A ' r trafflc con trolIera 

Health Examination Survey fHESl 

81 mfsu Ht T 

(HES) (age* 18-65) 

1974 Law enforcement officer* 

mANPow Nutrition Examination Survey 
(HANES) (age* 18-74) 

fL e AN P S n nw Utrition Examination Survey 

1981 ^ ES H) 18 ' 75 ) 

iy»i U.S. miners 


678 

3,091 

2,761 

2,989 


5,921 

270 

22,273 


3,581 

423 


6,598 
86 

20,811 

43,084 


65 

18 

70 

23 


6,563 11 


13 

44 


18 

73 


10,123 11 


:s 


anthropometric data bank (1961 ^9^)***°* Medical R ® fle *rch Laboratory 


civilian survey, the authors demonstrated that the matching nrn. 
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the , correspondence between other body dimensions for civiliai 
and military women was quite good. 

Within limitations, the matching procedure has proven to b< 
a useful technique for estimating the body size variability of a 
potation for whom only limited anthropometric data are avail- 
. T pr ° cedure “ limited, however, to the range of body size* 
within the base population from which the matches are drawn 
By and large, all these data have been collected by using tra- 
ditional anthropometric tools and techniques. What is available 

S/ S 1 Se T °l descri P tors of body size in terms of 

^ ^ ^ th8 ’ depth8> girth8 > and 8urface curvatures 

f igure 2-1). The military surveys in particular were designed to 
satisfy a variety of users, predominantly pattern makers and de- 
signers of personal protective equipment. Body dimensions for the 
layout of workspaces have also received attention, but only a few 
dimensions have been obtained strictly for human body models. 
Ihe need for personal protective equipment for the head and face 

“;;r red ? Urge number of dimensions including surface arcs, 
breadths, and a senes of headboard measurements (Figure 2-2) to 

or v n NT "' 8 fu P ° intS ln ‘ bree ' d imensional space to a common 
gin. Using these points and assuming bilateral symmetry it 
becomes possible to develop face, forms of sizing models for de- 
signers based on anthropometric data and the artistic ingenuity 
a sculptor. Such forms are then reproduced and provided to 

tuZT 3 7 ° r lnV ° ,Ved in a Specific desi * n P r °blem. This has 
ed out to be an extremely successful mask which is used in 

not unknown “ ^ ^ ^ COmmon and ^ forc “ are 

The need for anthropometric data translated into a three- 
dimensional form has extended into other areas as well The 
requirements for body forms of 3- and 6-year-old children for crash 
dat U a ry from earCh ne f e “! tated the interpretation and integration of 

considered IT/h S1X . dlffer f nt sources > no one of which could be 
considered as the principal source. The resultant integrated data 

r983) rendered mt ° three ' diniensional bod y forms (Young et al., 

existo T i ’ " * l tr ° ng> tradit i° nal “‘topometric data base 
exists, it may not be as comprehensive as necessary to develoD 

:Ts aIz Zt ^ ** T" 8 ° f pMtial P""“re suite 

Zilf.i F * a ‘ rcrew , 8 led to the translation of the height- 
g sizing system into three-dimensional models. The body for 
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FIGURE 2-1 Typical univariate descriptors of body site. SOURCE: Files 
of Anthropology Research Project, Inc., Yellow Springs, Ohio. 

each ttize was characterized as a sequence of body girths at specific 
levels, each girth having a breadth and a depth, with appropriate 
segment lengths. The development began with an armature to 
which mesh was affixed to bring the form roughly up to size. 
Plaster of Paris was applied to bring the forms to final size and 
shape (McConville et al., 1963). Such body forms were designed 
specifically for sizing of a particular item of personal protective 
clothing. Each incorporated a specific statistical breakout of the 
data. Hence, their use is generally limited. (One exception is the 
“long regular” body form that was used to provide the body size 
and shape for the biodynamic analog developed by Payne and 
Band [1971], called DYNAMIC DAN.) 

In all of these sizing models, it was necessary to integrate 
traditional data from a series of independent studies to produce a 
usable body model. But the end product was most often a result 






of the sculptor’s skill in providing the final shape by filling in those 
areas for which no anthropometric data were available. 


ANTHROPOMETRIC COMPUTER MODELS 

The anthropometric data input to the human engineering eval- 
uation models is far more extensive than the simple lengths, diam- 
eters, and circumferences used to specify the size of the geometric 
forms of the early models. Most of the human engineering eval- 
uation models are based on the simulation concepts of intercon- 
nected links, originally outlined by Braune and Fischer (1889) in 
their classic biomechanical analysis of the German infantryman. 
This approach was refined and expanded by Dempster (1955), who 
studied the body as a series of interconnected links that he defined 
as “straight-line distances between adjacent centers of rotation.” 

Early geometric modeling (Von Meyer, 1873) reduced the 
body to a series of ellipsoids and spheres to arrive at estimated 
mass and centers of gravity of body segments. In 1960, Simons 
and Gardner developed a man-model by approximating the body 
segments as uniform geometric shapes. They represented the ap- 
pendages, neck, and torso by cylinders and the head by a sphere. 
Using Barter’s (1957) equations for the mass of the individual 
segments, they computed the inertial parameters for the geomet- 
ric forms and calculated the total-body moments of inertia. This 
work, elementary in many respects, was the genesis of much of the 
present biodynamic modeling activity. 

In a study of the dynamic response of weightless man, Whit- 
sett (1962) refined the anthropometric model developed by Simons 
and Gardner (1960) by increasing the number of body segments 
from 8 to 14 by using additional geometric shapes to approximate 
more closely the shapes of the various body segments (Figure 2-3). 
Whitsett s 14 segments include a head, a torso, two upper arms, 
two lower arms, two hands, two upper legs, two lower legs, and two 
feet. The head is modeled as an ellipsoid, the hands are spheres, 
the upper and lower arms and legs are frustums of circular cones, 
and the feet are rectangular parallelepipeds. 

The physical properties incorporated by Whitsett into the 
model included body size data from Hertzberg et al. (1954), mass 
properties from the regression equations of Barter (1957), and 
center-of-rnass and segment-density data from Dempster (1955). 
The equations for the mass moments of inertia were standard for 
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FIGURE 2-3 Segmented human and model. SOURCE: Whiteett (1962). 


the particular geometric forms used; only the mass moment of 
inertia equation for the frustum of a right circular cone needed to 
be derived. In 1963, Gray refined this basic model. 

In 19 64, Hanavan published the results of a study intended to 
(lj design a personalized mathematical man model, (2) analyze the 
model, (3) prepare a generalized computer routine for calculating 
the inertial properties of any subject in any body position, and 
(4) develop a design handbook for a series of percentile body 
forms in 31 body positions. The model was made up of 15 simple 
geometric forms hinged at the end of each of the primary segments 
While the torso was considered as two linked segments and the 
head as a third linked segment, they lacked motion. Hanavan in a 
manner similar to that used by Gray, defined the body posture by 
assigning Euler angles to each of the segments and then calculated 
the inertial dyadic tensor and the center-of-mass locations for 
a specific body m specific positions. Hanavan used thw mass- 
predictive equations described by Barter (1957) as input. This 
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technique was then applied by Ticber and Lindemuth (1965) and 
Robbins et a». (1971) and is still in use. However, with better 
mass distribution data (McConville et al., 1980, and Young et al, 
1983) and the availability of powerful large-scale computers, this 
approach has become increasingly outmoded. 

Most current human body models, such as those incorporated 
in BOEMAN (Ryan, 1971), SAMMIE (Bonney and Case, 1976) 
and COMBIMAN (Kroemer, 1973; McDaniel, 1976), begin with a 
link system, which is simplified from the human skeleton. Model- 
ers assign ranges cf joint motion to the primary joint and finish 
with an enfleshment procedure to give the model its final physical 
form. Depending on the intended use of the model, additional 
refinements such as mass distribution properties (Articulated To- 
tal Body Model; Kaleps, 1978; or visibility plots (COMBIMAN; 
Kikta et al., 1982) are added. In every case, an adequate an- 
thropometric data base is required for the construction of these 
models. 


THREE-DIMENSIONAL ANTHROPOMETRY 

The existing anthropometric data base does not contain three- 
dimensional anthropometric data. It has be«n possible to use the 
existing univariate anthropometric descriptors to develop three- 
dimensional models, but such approaches have been compromises 
at best that are dependent on a series of approximations and 
assumptions regarding the relationship of individual dimensions. 
The traditional anthropometric data base lacks a common origin 
point to which the individual measurements can be related. 

In a recent series of studies, stereophotometric techniques 
were used to obtain mass distribution estimates for a sample of 
31 male (McConville et al, 1980) and 46 femaie (Young et al, 
1983) subjects and to relate these mass distribution properties to 
the anthropometry of the individuals. This procedure, similar to 
aerial photography, requires paired cameras in front and back of 
the subject (Figure 2-4) to obtain the stereoplates (McConville et 
al, I 9 # 0 )- The plates are read, resulting in a “terrain map” of 
the body (Figure 2-5) from which contours, volumes, and mass 
distribution estimates can be obtained. 

The 31 male subjects were measured for some 75 body dimen- 
sions, and the 46 female subjects were measured for a comparable 
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FIGURE 2-4 Stereo camera array. SOURCE: McConville et al. (1980). 


but expanded set of 92 body dimensions. After the anthropome- 
try was obtained, some 77 targets were affixed to the body land- 
marks to facilitate their location during the stereophotometric 
assessment. Volume, center of volume, and principal volumetric 
moments and axes of inertia were calculated. 

The primary body segments used in these studies were defined 
by using planes of segmentation similar to those used in previo- < 
cadaver studies (Chandler et al., 1975; Clauser et al., 1969) T , 
use of stereophotogrammetry made possible the comparable ana- 
Jytic segmentation of live subjects and facilitated the delineation 
of additional segments, such as the thorax, abdomen, and pelvis 

An anatomical axis system was established for the total body 
and for each segment. These were right-hand orthogonal systems 
based on palpable, largely bony landmarks and were used to pro- 
vide a consistent reference for the principal axes of inertia for each 
segment regardless of body and segment position. The axis sys- 
tems were defined using a minimum of three noncolinear points on 
each segment located as far apart as was feasible. The anatomical 
axis system shown in Figure 2-6 for the head segment was estab- 
lshed using the right and left tragion landmarks and the right 
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lniraorbital landmark. 


, , A 77 — r . ~ ianamarK, seilion, was used fcn 

ran slate the origin of the axis system to the midsagittal plane. 

Anthropometric techniques developed for the mass distribu 
ion studies may have considerable merit for develop 1 tn- 
ropometric data base for human body models. The anatomical 
axis system for each segment and for the total body help to define 

marks Mediated three * dim , ensional S P**. Segmental land- 
wit f k f ' ? re,ated I segmental axes and to the total body axes 
o y mass distribution characteristics predicted through re-’ 
gression equations based on the anthropometry of the model 
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FIGURE 2-6 Anatomical axis system for the head segment. SOURCE: 
McConville et al. (1980). 


DISCUSSION 

While there exists a wealth of anthropometric data for a num- 
ber of populations, and there are methods of extrapolating the 
data base to other populations, the current data base is deficient 
for effective human engineering body modeling. Current link sj s- 
tems are largely based on studies by lYotter and Gleser (1958), 
Dempster (1955), and Snyder et al. (1972). When data bases from 
several sources are combined with different study samples, inter- 
polations and approximations are required to integrate the data 
into a functional link system. The traditional anthropometric data 
base is not as helpful in developing a link system as we would like. 
Anthropometric landmarks lie on the surface of the body and are 
often removed from the actual joint centers of rotation by various 
layers of tissue. Thus, the link length that is sought can only 
be approximated. In addition, joint centers that define the link 
lengths are often difficult to locate accurately on living subjects 
and are even more difficult to locate from photographs. A system- 
atic investigation of a human body link system that incorporates 
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three-dimensional anthropometry developed specifically for com- 
puter simulation is required. 

The current anthropometric data base is a collection of uni- 
variate body size descriptors that lack a unifying origin to which 
they may be related in a three-dimensional space. It is desirable to 
develop a procedure that can supplement and integrate the exist- 
ing data base to provide the anthropometry necessary for effective 
three-dimensional models. Reynolds (1977) has coined the term 
system anthropometry, wherein the traditional heights, lengths, 
and breadths are replaced by three-dimensional coordinates for 
comparable point locations from a common origin, and the static 
anthropometric postures of standing and sitting are replaced with 
postures relating to work and movement. 

Before the envisioned system anthropometry can be developed 
and an effective anthropometric data base created, two basic in- 
terrelated problems must be resolved. The first is the selection 
of an effective data collection system which should be accurate 
(within required limits) and reproducible, be sparing of subject 
and observer time, produce immediate digital output, permit rapid 
transfer to storage for analysis, and be relatively inexpensive. 

A wide variety of techniques that can describe points and 
point relationships in three-dimensional space have been developed 
over the years. These range from rather simple electromechanical 
digitizers through stereophotogrammetry to complex systems such 
as laser imaging. So far none of the existing systems have proven 
wholly satisfactory. 

The second problem is that even if a suitable system were at 
hand, we would need to develop a method of analysis of the three- 
dimensional data that the system would generate. In the analysis 
of traditional anthropometry, we have the solid statistical model of 
the normal distribution. No comparable analytical model has yet 
been suggested lor summarizing three-dimensional size and shape 
data for our application. 

Even with a complete and realistic anthropometric data base, 
various “real-life” work factors (e.g., posture, body restraints, 
clothing) can drastically change the accuracy and validity of the 
standard data base for many applications, since actual anthropo- 
metric characteristics may be quite different from those measured 
under standardized (laboratory) conditions. Garrett and Kennedy 
(1971), Roebuck et al. (1975), and Van Cott et al. (1978) compared 
measuring techniques and anthropometric data from 48 sources 


and noted a lack of standardization in definitions and procedures 
across different studies. Data comparability was also noted as a po- 
tential problem in standardization when different instrumentation 
was used. No systematic study has been attempted to determine 
whether a number of measurements taken on a large number of 
participants by different measurement techniques and by different 
measurers yield equivalent data. The problem is probably most 
pronounced for measures involving compression of soft body tissue 
and those requiring a reference to internal skeletal landmarks. 

Other limitations of the current anthropometric data base, 
and hence of models, are the following: 

• Data on U.S. civilians are seriously deficient, particularly 
for females. 

• Health Examination Survey (HES) and Health and Nu- 
trition Examination Survey (HANES) data show that the 
population is taller and heavier them estimated from mili- 
tary data. 

• There is insufficient information on special populations 
that collectively consist of a large portion of the total pop- 
ulation, including those over age 65 (about 12 percent of 
population), those under age 18 (about 26 percent of the 
population), population extremes (i.e., the tallest, heavi- 
est, shortest, lightest), and disabled persons. 

• Most anthropometric data are univariate, which limits 
their application. 

• Neither two- nor three-dimensional data are commonly 
referenced to a defined reference system. 

• There is no standard procedure other than “artistic sculp- 
turing for arriving at three-dimensional body shape based 
on the classical anthropometric data. 

« Various measurement definitions, measurement techniques, 
and data processing methods have been used in the differ- 
ent classical anthropometric surveys that constitute the 
available data base. Therefore, in many cases data are nei- 
ther interchangeable nor compatible. Furthermore, they 
cannot be relied on to have the same degree of accuracy. 

• Advanced procedures for data collection such as stereopho- 
togrammetry or laser imaging are needed, but they are still 
in the experimental stages. 


3 

Biomechanical Models 


Interest in the biomech3^ ,r :al pioperties of the human body 
has evolved alon^ with mathematical sophistication. The early 
works of Leonardo da Vinci (O’Malley and Saunders, 1952), Galileo 
Galilei (1638), and Giovani Alfonso Borelli (circa 1679) demon- 
strate man’s curiosity and desire to describe the human in quan- 
titative terms. Even though hundreds of years have passed since 
these early attempts, biomechanical modeling of the human mus- 
culoskeletal system remains one of the most challenging tesks 
known to man. 

This chapter evaluates biomechanical modeling knowledge and 
its significance to ergonomics. Prior to such a review, however, 
the concept of modeling as used here should be discussed first. A 
model can be defined as any set of equations that describe phys- 
ical events or phenomena. Sinclair and Drury (1980) described a 
model as a paradigm view of science. They proposed two defini- 
tions of models. First, they defined a model as “the result of using 
theoretical understanding to present a particular aspect of the real 
world.” This definition represents a normative model, which de- 
scribes the idealized behavior of the system. Second, they defined 
another type of descriptive model that used “statistical techniques 
to relate theoretical variables present in a collection of data ” This 
type of model typically employs regression analysis to describe the 
dynamic behavior of the human body. 

In the context of this review of biomechanical models, only 
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models according to Sinclair and Drury’s first definition will be 
considered. 

Consideration must be given to the objective of a biomechan- 
ical model used for ergonomic purposes. A biom< chanical model 
should facilitate the basic understanding of the lystem. Morris 
(1967) noted that modeling should be a process of enrichment and 
enhancement. He pointed out that one should begin with a model 
that is distinct from reality and, in an evolutionary manner, move 
toward a more elaborate model that reflects the complexity of the 
actual situation. Little (1970) stated that the abjective of the 
model should be to provide intuition. It is appirent that these 
two objectives are complementary. Through a process of under- 
standing the components of a system, the model is expanded and 
a greater understanding of component interaction is gained. 

To achieve these objectives, a model shou d display several 
qualities. The model should be robust. It should display the 
essence of the system under a variety of circumstances. A biome- 
chanical model should also represent reality ar d have clinical rel- 
evance or workplace applications. 

The significance of these objectives and requirements applied 
to ergonomics means that biomechanical models should provide 
insight into the interaction of people and their environment. Ide- 
ally, an ergonomic model should predict both long- and short-term 
results of human work, and the effects on people, particularly if a 
risk exists for both traumatic and cumulati /e injuries. 

The discussion on biomechanical models is limited to those 
models that may be useful to ergonomists. Hence, impact, physio- 
logical, and psychophysical models are not included in this review, 
nor are all existing models of the musculoskeletal system. Instead, 
examples are presented that concern bones, joints, body segments, 
and the whole body. 


HISTORY OF BIOMECHANICAL MODELS 

As noted in Chapter 2, Anthropometric Models, the early 
models of the 1960s assumed that the body is a series of rigid 
links. These models were limited in the number of links, usually 
one, two, or three. Most of the models were two-dimensional, 
based on kinematic information, with some dynamic data. The 
objective was to look at the forces, torques, and moments around 
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the various articulations and then to track the links to determine 
what type of loading or motion occurs. 

Some of the models were then extended, but none predicted 
any of the internal loadings on the body. Most of the early models 
worked in some way with the external loadings, based primarily 
on kinematic types of information and characteristics of torque 
and force generated by the link motions. Some models, like that of 
Slote-Stone (1963), were used in predicting power and some, like 
that of Ayoub et al. (1974), were used in predicting position during 
work. These models provided the basic context of understanding 
in the programs. 

Many of the later models are based on the work of Chaffin 
(1969), who joined seven or eight different links of the body. Ex- 
tending the previous principles, he calculated torques and forces 
around the joint, and then tracked the whole body in a kinetic 
chain. Most of the later models are two-dimensional static models 
that represent, to a limited extent, forces and moments acting at 
each particular articulation to generate internal loading informa- 
tion. More recent versions of this model are built on the same 
basic logic but use dynamic data and three dimensions. 

Ayoub and El-Bassoussi (1976) used optimization to predict a 
lifting model, and in the early 1980s, Schultz and Andersson (1981) 
and Schultz et al. (1982) developed a different type of model that 
no longer considered the body as a set of rigid links. This was 
a three-dimensional model that represented active analysis of the 
stresses imposed on the body under working conditions. This two- 
part analysis can be used to analyze the net reaction which must 
be resisted by the internal forces of the body. Several methods 
have been used for this type of analysis. One is to assume that the 
antagonist muscles are silent (which may or may not be a correct 
assumption, depending on the circumstances), and another is to 
use optimization, particularly linear programming with upper and 
lower bounds. 

Another class of new models is that described by Hatze (1976, 
1977). This is a complex model that accurately predicts forces in 
the leg when a person takes a step with a weight tied onto the leg. 
It represents advanced techniques that may be useful for future 
ergonomic modeling. 


REVIEW OF BIOMECHANICAL MODELS 


One of the more basic evaluations that occur in biomechani- 
cal modeling is the analysis of moments and forces that act on a 
body segment in a work environment. Chaffin (1982) performed 
an analysis of such forces for single- and two-body segments un- 
der static planar conditions. In these cases Newtonian mechanics 
were applied to the segments and the system was evaluated in a 
state of static equilibrium. When multiple body segments were 
involved, each body segment was evaluated as a separate link in 
a kinetic chain system. A two-link model of the arm was devel- 
oped by Pearson et al. (1961, 1963). It computed the forces and 
torques present at the elbow and shoulder caused by the motion 
of arm, forearm, and hand in the sagittal plane-. This analysis 
required data obtained from stroboscopic photography to calcu- 
late the instantaneous position, velocity, and acceleration of the 
arm, forearm, and hand system. Together with the known values 
of mass and length of the body segments, these data were used 
to compute the forces and torque present caused by the motion. 
Extensions of this model were developed by Plagenhoef (1966), 
who modeled whole-body motion based on kinematics. 

Predictive equations for hand motion in workspace design have 
been developed by Rattan and Nadler (1969), and Slote and Stone 
(1963) modeled acceleration patterns of the upper extremity. Ay- 
oub et al. (1974) also developed a two-segment, three-dimensional 
motion model of the upper extremity. This model was unique, 
however, in that it used optimization (dynamic programming) for 
a solution to perform a movement. It predicted hand position in 
space during certain movements. However, Ayoub and coworkers 
(1974) stressed the need for more detailed evaluation of model 
assumptions. This work demonstrated the feasibility of using op- 
timization techniques to model the external loading factors of a 
biomechanical system. 

Several biomechanical models that evaluate stress caused by 
external loads during lifting have been presented in the litera- 
ture. Models by Chaffin (1967) and Chaffin and Baker (1970) are 
static, sagittal plane extensions of the major body segments and 
were expanded to predict the compressive forces sustained by the 
lumbar spine. They demonstrated how predicted moments gener- 
ated about the body articulations could be compared with human 
strength characteristics, and suggested that this method be useJ 
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to evaluate the physical strength capability and requirements of 
manual materials-handling activities. This model assumed that 
lifting occurs slowly and smoothly, so that the effects of accel- 
eration are negligible. This approach has been adopted by the 
National Institute for Occupational Safety and Health (NIOSH, 
1981) for evaluation of the workplace. 

A three-dimensional static strength evaluation analysis was 
described by Garg and Chaffin (1975). Chaffin and Andersson 
(1984) also discussed how multiple-link static models could be used 
to evaluate reactive moments of the body in both coplanar and 
nonplanar analyses, how modeling techniques assess the moments 
experienced by joints during motion, single- and multiple- segment 
dynamic modeling techniques, and how biodynamic analysis tech- 
niques could be used to assess pushing tasks. Amis et al. (1980) 
developed a method to estimate moments about the elbow during 
maximum flexion. These techniques employed high-speed photo- 
graphic techniques to predict angular velocities and acceleration. 
Inertial forces and resistance moments that must be produced by 
the muscles could then be calculated. Freivalds et al. (1984) used 
this technique to study dynamic lifting. 

The models that have been described take into account the 
stresses and loads caused by an external load or motion imposed 
on the body. Some of these models also evaluate internal forces. 
These assumed that the body is composed of several rigid links 
which are joined by articulations. The analyses usually consist of 
evaluations of the motions and loads imposed orf these structures 
via traditional Newtonian mechanics. Recently, some optimiza- 
tion techniques have been used and represent a promising area of 
endeavor. Chaffin (.1969) developed a seven-link, two-dimensional 
static model to calculate joint forces and moments during material- 
handling activities. The model also computed the spinal compres- 
sion force during lifting. This model was later expanded to include 
three-dimensional static strength prediction (Chaffin et al., 1977; 
Garg and Chaffin, 1975). Freivalds et al. (1984) also expanded 
this model to evaluate the sagittal plane kinematic activity. All 
of these models consider the effects of both external and internal 
loading when considering the compressive forces on the spine. 

El-Bassoussi (1974) and Ayoub and El-Bassoussi (1976) de- 
veloped a model which predicts stresses on the musculoskeletal 
system by infrequent tasks in the sagittal plane. The model used 
predicted movement dynamics based on the findings of Slote and 
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Stone (1963). This model is dynamic and considers subject move- 
ment and the forces that are generated because of these move- 
ments, Ayoub et al. (1980) compared the virtues of these lifting 
models. They pointed out that the limitation of most lifting mod- 
els for ergonomic purposes is that they only estimate stresses 
within the body when work is performed in the sagittal plane and 
few of them consider motion. Gruver et al. (1979) developed a 
five-link, two-dimensional model of the human body to simulate 
manual lifting tasks. 

These models just described are limited by the fact that most 
are two-dimensional planar models. These models help us to un- 
derstand the loading of the body in sagittally symmetric exertions. 
Many of the more challenging ergonomic concerns, however, in- 
volve loading of the body in three dimensions. For many tasks the 
body is loaded in a torsional fashion. Assessment techniques are 
required to evaluate these situations. 

Another limitation of existing models concerns the ability to 
assess the consequences of motion. Many of the analysis techniques 
are static and do not consider the effects of velocity or acceleration 
of the body part or load when assessing the biomechanical cost 
to the system. Some models have been reported in the literature 
that consider motion; however, the motion assessment is usually 
limited to the sagittal plane, and often, the effects of load weight 
are not considered. 

Basic research is required which addresses the question of 
whether a kinetic link system portrayal of the biomechanical sys- 
tem is appropriate. Some assumptions regarding the shape and 
length of link elements are necessary for simplification purposes. 
Freivalds et al. (1984) pointed out that the spine could be better 
represented by some semiflexible arrangement. Thus, a rigid beam 
link analogy may not be the best method of modeling the human 
system. This is also evident from the previous discussion regarding 
bone modeling. 

The models described in this section describe techniques for 
assessing the reactive moments and forces at each articulation 
that must be exerted by the muscles. These reactive moments 
and forces are necessary to overcome the forces imposed on the 
biomechanical system by external loads and body weights. These 
models have been used successfully to match worker capabilities to 
the demand of the task. They provide insight into worker selection 
rationale. 
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Ergonomic models should be capable of assessing the trau- 
matic effects as well as the cumulative effects of the work. To 
achieve this objective, ergonomic models should be able to evalu- 
ate the loading of the articulation and skeletal structures caused 
by the external and internal loadings. Internal loading refers to the 
forces supplied by the muscles and ligaments that react to the ex- 
ternal loads; thus, both external and internal forces load the body. 
The significance of internal forces to the loading of the body has 
been discussed by Cailliet (1968) and Tichauer (1978). Knowledge 
of the effects of internal and external forces is necessary to predict 
the instantaneous loading of the body articulations and skeletal 
structures. Models that include internal forces are usually much 
more difficult to use since there are often more unknown muscle 
forces than there are independent equations available to solve the 
problem. Thus, a unique solution is not possible, and the problem 
becomes statically indeterminate. 


Models of Bones 

Work on the biomechanics of bone and load-bearing capability 
of bone dates back over three centuries to Galileo Galilei (1638) 
and has progressed to modern stress analysis techniques (Burstein 
et al., 1970; Minns et al., 1977; Piotrowski and Wilcox, 1971; 
Toridis, 1969). Others (Brown et al., 1980; Hayes et al.’ 1978- 
Huiskes et al., 1981; Olofsson, 1976; Piziali et al., 1976; Rohlmann 
et al., 1982; Rybicki et al., 1972; Scholten et al., 1978; Valliap- 
pan et al., 1977, 1980) used finite-element moaels of the femur 
which assume that bone is an isotropic and homogeneous mate- 
rial, even though it is nonhomogeneous and is described as being 
transversely isotropic. The femoral model described by Valliap- 
pan et al. (1977, 1980) used a finite-element analysis to compare 
the stress distribution in the femur for both a prosthesis model 
and a normal femur. The stresses were computed both with and 
without the anisotropic assumption of transverse isotropy, and 
two loading conditions were used, walking and one-legged stance. 
The stress distribution was found to change significantly when the 
anisotropic assumption was used for cortical bone; however, no val- 
idation of results was mentioned. Others (Goel et al., 1978; Hayes 
et al., 1982; Oonishi et al., 1983; Snyder et al., 1983; Williams 
and Lewis, 1982) developed finite-element models for other bones, 
such as the pelvis, patella, and trabecular bone. A summary of 
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the merits of many of the finite-element model* used in orthooedk 
biomechanics was prepared by Huiskes and Chao (1983) and elab- 
oratw on the details of the models. It does not include a discussion 
of a finite-element model of a lumbar vertebra 

Hakim and King (1979) subjected a bilaterally symmetric 
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dimlw"' r d wlth . thin plata «— «MI element, and thre- 
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articular facets were represented with brick elements and the 

facet^oint* I 1 ^ *7^® ar ^ Culation 3uch “ ‘hat in a true 
facet joint. Plate elements were used to represent the processes 

^ P '°P ertie3 data frorn the literature were used, Lid input 

Kin* J 19761 V iTt taken _ fr ° m ex P er imentai data (Hakim Ld 
ng, 19/6). Validation efforts showed a favorable comparison 

between computed and measured strains. Balasubramanian et al 

ild b lL . d th ‘ S m ° d , e! l ° S ' mulate a unilateral laminectomy 
and bilateral asymmetric loading. * 

Vibration data have been used to determine in vivo elastic 
p operties of long bones, another area of bone modeling Jurist 
and Kianian (1973), Orne (1974), Orne and Mandke (1975) Orne 
nd Voung (1976) and Viano et al. (1976) have all studied the 
elastic property of bone in this manner. 
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In vivo internal forces and moments at a joint are both diffici 
to measure and calculate, largely because of the involvement 
many muscles and ligaments, which results in more unknowns thi 
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(1974), Crowninshield et al. (1976), Harrington (1976), Andriacchi 
et al. (1977), Right et al. (1979), Chand et al. (1976), Wismans 
(1980), Wismans et al. (1980), and Minns (1981). 

Morrison (1968, 1969) computed muscle and ligament forces 
for a normal gait, while eliminating forces in muscles with quies- 
cent EMG data and eliminating ligament forces that become slack 
during the specific phases of gait. Experimental force plate data 
were used along with photographic identification of the hip, knee, 
ankle, and foot to provide joint displacement and rotation data. 
EMG data of principal muscle groups were acquired from bipolar 
surface electrodes. 

Six equations of motion were used to determine the net re- 
action force and moment at the knee. When solving for bone 
contact force components and the muscle and ligament forces, 
the problem became indeterminate. Use of EMG data eliminated 
the antagonistic muscle forces and ligament functions and allowed 
calculations of bone contact or joint force. The results were com- 
parable for repeated tests of tiie same subject but varied from 
subject to subject. 

Another method of reducing indeterminacy is to compute the 
forces in the ligaments across the knee joint as a function of knee 
flexion angle. A ligament model developed by Wismans et al. 
(1980) assigned stiffness values to the ligaments, 't his model also 
considered three-dimensional kinematics oi the knee joint and ar- 
ticular surface geometry, which established the conditions of con- 
tact on medial and lateral surfaces. With this information, 16 
unknowns were calculated, including* relative joint location, con- 
tact points and forces medially and laterally, relative abduction 
and rotation, and the magnitude of the joint constraint moment. 
The results were principally kinematic and did not p vide kinetic 
data, which would have been helpful. In a more complete work 
by Wismans (1980), kinetic aata were also not provided. Rheo- 
logical models of the knee by Moffatt et al. (1976) and Pope et al. 
(1976) were based on oscillatory tests that described the knee as 
a Maxwell fluid or a Kelvin solid. 

Hip joint models were developed in much the same way as 
those for the knee (Crowninshield et al., 1978; Goel and Svensson, 
1977; Williams and Svensson, 1968). Paul (1967) assumed that 
the hip joint transmitted a contact force and that no more than 
two muscles were active at any instant of gait. Kinematic and 
force plate data were required by this model. 
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For the ankle, two-dimensional models were developed by 
Brewster et al. (1974), Stauffer et al. (1977) and Wynarsky and 
Greenwald (1983); and a three-dimensional model was developed 
by Procter and Paul (1982). 


Models of Joints of the Upper Extremity 

With assumptions of a hinge joint with three major flexors, 
the elbow becomes simple to simulate. Based on th' work of 
MacConaill (1967), Yeo (1976) used linear programming to com- 
pute the total forces generated in the muscles. Because the model 
results contradicted experimental data that show that all three 
muscles are active during flexion, Yeo claimed that the “minimum 
principle” was not valid. Crowninshield (1978) defined maximum 
allowable tensile stress in each of three muscles, and his objective 
function was minimum total tensile stress. The model correlated 
well with experimental data for both isometric and isokinetic con- 
tractions. This approach was extended by An et al. (1983) to 
compute joint contact forces. 9 

Modeling efforts for the shoulder include the work of DeLuca 
and Forrest (1973), who used isometric abduction. 


JVLoaeis of Intervertebral Joints 

Schultz and Andersson (1981) developed a practical three- 
dimensional, statically indeterminate model which calculated loads 
placed on a lumbar vertebra during physical activity. This model 
functioned m two parts, similar to the knee model, and consid- 
ered the action of both the spinal musculature and the abdominal 
musc.es. The net reaction across a lumbar vertebra, derived from 
equilibrium considerations, formed the determinate portion of the 
problem. Linear programming was used to determine the resultant 
spinal loads and muscle forces while minimizing spinal compres- 
sion. Large spinal compression forces were predicted for minor 
activities and were validated with myoelectric activity indicating 
muscular tension. This model was later modified by Schultz et al 

(1882) who changed the objective function to specify minimum 
intensity or stress. 

• • wdT res f archers developed models of a single intervertebral 
joint (Belytschko et al., 1974; Kulak et al., 1976; Lin et al., 1978). 
They were able to determine the responses of the intervertebral 
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disc. The claim that such a model could be used to predict mate- 
rial properties of the joint using optimization was a new concept. 
These disc models were loaded axisymmetrically, which is a phys- 
iologically incorrect assumption. 

Redundancy and validation continue to be the major problems 
encountered in the modeling of joints. The use of optimization to 
solve the redundancy problems is now acceptable; however, the 
choice of an objective function remains an unresolved problem. 
This difficulty is linked to the inability to validate the predic- 
tions of the models. Reliable methods and transducers have not 
been developed at this time to achieve the goal. Pedotti et al. 
(1978) proposed the use of nonlinear optimization schemes that 
had closer correlations with EMG data than did linear schemes, 
and Crowninshield and Brand (1981) proposed a model that re- 
quired a minimum muscle stress and that correlated with EMG 
activity. These approaches, however, did not reduce the difficulty 
in the choice of an objective function. An et al. (1983) opined that 
linear optimization with inequality constraints was superior to a 
nonlinear scheme. 


Models of Multiple Body Segments and the Whole Body 

This class of models can be divided functionally into models of 
five groups: (1) the fingers and thumb; (2) the lower extremities, 
including gait; (3) the spinal column; (4) the thorax; and (5) the 
whole body, excluding gait. 


Models of Fingers and the Thumb 

Many researchers have developed models of the fingers and 
thumb, from kinematic models (Landsmeer, 1961) to two-dimen- 
sional models (Hirsch et al., 1974; Smith et al., 1964) to three- 
dimensional thumb models (Cooney and Chao, 1977; Toft and 
Berme, 1980), Other models were developed by Chao et al. (1976), 
Spoor and Landsmeer (1976), Berme et al. (1977), Chao and An 
( 1978a, b), and An et al. (1974). 

There are many problems encountered in the modeling of a 
finger, as discussed in a series of papers by Chao et al. (1976), 
Chao and An ( 1978a, b), and An et al. (1974). These models were 
three-dimensional and were indeterminate because of the large 


number of tendons and intrinsic muscles that could be active dur- 
ing a given activity. Before a mechanical analysis could begin, 
all unknowns had to be identified and simplifying assumptions 
had to be made to determine the degree of indeterminacy. In 
many cases, antagonistic muscles were assumed to be inactive, yet 
m the isometric function of the finger, they participated in the 
stabilization of the joints, which is known as the pylon concept. 
Thus, other justifications were needed to determine simplifying 
assumptions. A frictionless cable and pulley system for tendons 
and tendon sheaths enables the tensile force in the tendons to be 
transmitted undiminished across joints. Other anatomic reasons 
have been used to yield constraint equations that reduce the num- 
ber of unknowns. The equations for the model are obtained from 

a , re j ° J° ints the finger. The problem wets 

solved by linear programming with a variety of objective functions 
that determined joint forces caused by a unit pinch force between 
the tips of two fingers or between finger and thumb. One objective 
function was the minimization of the sum of muscle forces or the 
sum of constraint moments. 

An et al. (1974) developed a three-dimensional kinematic 
model of the human hand based on cadaver measurements. These 
measurements included tendon location and orientation for all four 
fingers in a neutral position expressed in coordinate systems nor- 
malized against the middle phalanx of each specific finger Tendon 
geometry was computed from a force and moment potential. 


Models of the Lower Extremities 

Models of the lower extremities t ike on many forms, from a 
one-legged comprehensive static model (Seireg and Arvikar. 1973) 
to human gait models of the lower limbs (Cappo. .. et al.’ 1975- 

Pv,kett and Chang, 1968; Gehl et al., 1975; Hardt, 1978; Sere* 
r.ad Arvikar, 1975). ‘ 6 

The most comprehensive dynamic lower limb model was de- 
..elopKl by Hatze (1976), who verified it experimentally. This 
two-dimensional model tracked the motion of a weighted foot as 
it attempted to hit a target on the floor in minimum time. The 
action was fu y voluntary with no ground interaction. The results 
compared well with volunteer data. 

Models of human gait involving the head, arms, and torso 
(HAT), m general, try to determine joint reactions and moments 
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during gait. If the kinematic variables of displacement, velocity, 
and acceleration are not independent of each other, the number of 
unknowns exceeds the number of equations by the number of joint 
moments, thus rendering the problem indeterminate. By assum- 
ing known ground reactions and specifying kinematic variables, the 
problem can become determinate and can be solved as an inverse 
dynamic problem (IDP). The kinematic variables are assumed to 
be functions of time, reducing the differential equations of motion 
to algebraic equations. A direct approach can be taken if the 
differential equations are solved for unknown kinematic variables 
and/or joint loads. The problem is generally indeterminate, re- 
quiring an optimization scheme with identification of an objective 
function to create extra equations. 

HAT models of the IDP typetoave been proposed by Townsend 
and Seireg (1972), Chao and Rim (1973), Cappozo and Pedotti 
(1973), Townsend and Tsai (1976), Aleshinsky and Zatsiorsky 
(1978), and Hardt and Mann (1980). Direct solutions of the motion 
equations include a model by Nubar and Contini (1961), who 
pioneered the optimization approach by proposing a minimum 
energy principle for muscular effort. This generated a dynamic 
two-dimensional, five-link model of the skeleton. However, only 
a static stance solution was provided. It was then extended to 
an optimal control model (Chow and Jacobson, 1971). Hatze 
(1977), likewise, extended his earlier lower-limb model (1976) into 
a whole-body musculoskeletal control model. 

An IDP model developed to solve for ground reactions dur- 
ing bipedal gait was formulated by Thornton-Trump and Daher 
(1975). This model generated seemingly reasonable ground forces, 
but did not account for a period of double support and therefore 
had questionable validity (Paul, 1978). A model by Hardt and 
Mann (1980) corrected this deficiency. Autogeneration models of 
gait were proposed by Onyshko and Winter (1980) and Nakhla and 
King (1983). The autogeneration models were two-dimensional 
HAT models which applied appropriate muscle moments to the 
ankles, knees, and hips, enabling the linkage system to move over 
level surfaces at different speeds and cadences. The models also 
accounted for double support. Recently, Nakhla and King (1985) 
formulated a three-dimensional model for the autogeneration of 
human gait. Limb kinematics were computed from joint moment 
inputs, 18 of which were required for a seven-segment HAT model. 
Experimental gait data were used to compute the moment time 
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histories to ensure that the input was realistic. Gait was then gen- 
erated by solving the differential equations of motion by using an 
existing three-dimensional human link model which was developed 
originally by Calspan Corporation for the simulation of occupant 
kinematics in an automobile crash. It is also known as the artic- 
ulated total body (ATB) model, a more complete description of 
which can be found in the section by that title in Chapter 4. The 
ATB model was modified to accept joint moments as input. 

Models of the Spinal Column 

An early three-dimensional static model of the spine proposed 
by Schultz and Galante (1970) generated complex equations that 
were not solved. A geometric model resulted from the use of fixed- 
length elements. This was followed by work by Panjabi (1973), who 
developed a general formulation for a three-dimensional discrete 
parameter model of the spine that could simulate responses to 
static and dynamic loading. No specific model was proposed. 
Belytschko et al. (1973), however, developed a three-dimensional 
structural model of the entire spinal column with responses to 
three loading cases. This model simulated vertebrae, ligaments, 
and soft tissue and provided resistance against axial, torsional, 
bending, and shear loads. The results were validated against 
experimental data. Panjabi (1978) has since proposed a model 
of a functional spinal unit which could simulate coupled motion. 
The disc and soft tissue were represented by a deformable element 
such as a viscoelastic body, but because of the lack of material 
properties, no model of either a spinal segment or the spinal 
column was proposed. Koogle et al. (1979), attempted a three- 
dimensional finite-element model of the lumbar spine based on 
the mesh developed by Balasubramanian et al. (1979), with no 
conclusive results. Preliminary results, however, from a finite- 
element model of a functional spinal unit formulated by Yang and 
King (1984) indicate that it is able to accurately predict intradisc 
pressures. 

Models of the Thorax 

A three-dimensional, bilaterally symmetric, elastostatic, and 
finite-element model of the human thorax, developed by Roberts 
and Chen (1977), was able to reasonably predict rib displacement 
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unde^ loading conditions. The ribs were simulated by beam ele- 
ments, and geometric and physical rib properties were included. 

Sundaram and Feng (1977) developed both a full thoracic 
and a skeletal finite-element model of the thorax. The former 
models simulated the soft tissues ar.d organs of the rib cage, the 
thoracolumbar spine, the sacrum, the coccyx, the ribs, and the 
sternum. The results of stresses and displacements from 11 static 
loading conditions compared favorably with experimental data. 

Models of the Whole Body 

While several investigators have proposed whole-body mod- 
els of human motion not involving gait, many were inspired by 
the simulation of movements in space. Kane and Scher (1970) 
and Passerello and Huston (1971) formulated models of people in 
space and simulated yaw, pitch, and roll maneuvers. Huston and 
Passerello (1971) went further to simulate lifting, swimming, and 
kicking with one leg. 

A lumped-parameter model of a seated human (Muskian and 
Nash, 1974) simulated the head and torso, which were subjected 
to sinusoidal excitation at the seat level. Heart and diaphragm ac- 
tivity was also simulated; and responses of the head, back, torso, 
and other masses as a function of frequency was given for 0-30 
Hertz (Hz). Muskian and Nash (1976) proposed a simpler three- 
mass model which simulated dual load paths from the head to 
the pelvis, the spinal column, and the abdominal viscera. Non- 
linear frequency-dependent damping was used to simulate actual 
responses. 


DISCUSSION 

King and Marras prepared an extensive table of biomechan- 
ical models for this study (Table 3-1) that presents an extensive 
overview and summary of the specific variables and parameters 
of existing models. They listed the model type, input and out- 
put variables, model characteristics, and the assumptions made 
in model development. This table is a unique contribution to the 
literature and should prove valuable to those who do research on 
biomechanical models. 

The ultimate goal of biomechanical models should be to create 
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a universal model that is applicable in & variety of situations. 
This model should accurately predict the loading on the body 
caused by both internal and external forces and should be capable 
of evaluating “wear and tear” of the body under realistic (static 
as well as dynamic three-dimensional) conditions. Such a model 
should be adaptable to a variety of situations. The same model 
should be able to simulate gait and weight lifting and perform a 
variety of human tasks. 

To achieve such a goal, several areas of model improvement 
and development are needed. More data are needed to describe the 
material and function'd properties of body tissues. These findings 
should be incorporated into analyses that investigate the aging 
as well as the time- and frequency-dependent repetitive loading 
effects of loads exerted on the body. The properties of bone must 
also be incorporated into models that are used for ergonomic 
purposes. More specifically, for spinal models, investigation of the 
load-bearing role of the articular facets is needed to understand 
low back pain etiology. 

For bone stress analysis, the most promising model is finite- 
element analysis, which can model the irregular geometry and the 
composite nature of bone. Validation against experimental data 
continues to present problems. Rohlmann et a!. (1982), Huiskes et 
al. (1981) and Hakim and King (1979), however, have attempted 
such a validation. There continues to be a lack of data on ma- 
terial properties and a large variation in such properties for bi- 
ological materials. The problem is made more complex because 
of anisotropy, inhomogeneity, and nonlinearity. Experimental re- 
search and clinical application of the models are needed to further 
advance the modeling effort. One area for further research is that 
of developing a capability for a variation of model geometry with- 
out a complete respecification of nodal coordinates. Lewis et al. 
(1980) proposed such a scaling method for femoral models. 

The analogy of the rigid beam link should be investigated. 
Instead of viewing the body as a set of rigid links, perhaps a 
semiflexible spinal column can provide more accurate assessments 
of the lifting of loads on the body. 

The modeling of joints and human locomotion (single and 
multiple joints) is aimed primarily at predicting forces in mus- 
cles, ligaments, and bone contact. This can serve a variety of 
needs, such as prosthesis design, treatment and diagnosis of mus- 
culoskeletal diseases, rehabilitation, and quantification of normal 
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function. There is very little evidence, however, that current mod- 
els are able to calculate these forces accurately. The measurement 
of these forces in vivo is extremel. difficult, and therefore, the 
need exists to develop experimental techniques and transducers 
to verify the analytical results. Inferences from time domain cor- 
relations of muscle forces with EMG activity are at best a crude 
indication of validity. One of the major problems with this area 
of research is the choice of appropriate objective functions to solve 
a redundant problem. It does not fall within the deterministic 
realm of mechanics and requires physiological data that are, ac 
yet, unavailable. The hypothesis that an objective function indeed 
exists needs to be proven before further advances can be made. A 
secondary problem concerns the use of linear optimization tech- 
niques. The limitations of a linear analysis are implicit in their 
use and should be recognized. 

Whole-body models can now incorporate three-dimensional 
activity as well as motion. The development of these models over 
the years has progressed from those based on puic Newtonian 
mechanics to optimization theory to control theory. The control 
theory model by Hatze (1977) ap^ars to simulate the rate and re- 
cruitment coding of the muscles during the performance of a task. 
Unfortunately, when the predictive oower of the models increases, 
the complexity of the model also increases dramatically. Hence, 
a trade-off must occur between model complexity and the degree 
of accuracy that is needed to model a situation for ergonomic 
purposes. 

An area which remains untouched by biomechanical model- 
ers is that of modeling th' cognitive link. People, as information 
processors, possess the ability to modify the interaction with the 
musculoskeletal system. Under circumstances of great stress or 
during life-threatening situations, people can short-circuit inter- 
nal protective mechanisms and are capable of exhibiting nearly 
“superhuman^” traits. There is also an awareness that the “psycho- 
logical factor" can become dominant in times of illness, as shown 
by treatment with a placebo. Additional experimental research is 
needed on these issues so that the cognitive control process can be 
evaluated and eventually included in biomechanical models. Pope 
et al. (1980) have H, . *« ev- such a link between personality 
traits and biomechan ^ M i i 4 . 

It is clear that muc<i .e-.carch is needed to achieve the goal 
of producing a universal biomt, a&nical model. Progress has been 
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slow over the years. Basically, it appears that progress in the area 
of biomechanical modeling is now limited by a basic understand- 
ing of the body rather than by computational ability. The current 
state of modeling will advance when advances in basic understand- 
ing are achieved and better validation methods are developed. 

In addition, many of the limitations in existing biomechanical 
models are related to incomplete or unrealistic data inputs into 
the model. The problems include nonrigid or nonuniform links, 
effects of dynamic action, internal loading including antagonistic 
muscle action, comparison data for cumulative trauma limits, and 
cognitive links. 

Furthermore, models based on motion kinetics alone provide 
an inadequate description of a person who is operating equipment 
in a real-world environment. The human operator’s need and 
ability to adapt the dynamic behavior of the limbs is not included 
in current models. A model of the biomechanical system that uses 
single values for its dynamic parameters such as muscle stiffness or 
viscosity is unrealistic. A fixed-parameter model cannot be applied 
reliably in situations other than those for which it was calibrated. 

Determination of the difference between the net reaction forces 
at a given body joint and the actual internal loads (e.g., those 
generated by the antagonistic muscle groups that are involved) is 
essential to a complete biomechanical analysis of a strain that has 
an impact on the system. Predictions of internal loads usually 
incorporate simplistic optimizing assumptions, for example, that 
minimal antagonistic muscle activity is used in performing a task. 
If the performance is not governed by the assumptions, the actual 
internal loads cam be much higher than the predicted values. 

Finally, existing biomechanical models do not address the 
problem of repeated activities over a period of time, and hence, 
physiological aspects such as fatigue are not considered. 


4 

Human-Machine Interface Models 


Information generated by anthropometric and dynamic biome- 
chanical models is needed to build the next level of model in the 
hierarchical structure, that is, the interface model. Interface mod- 
els describe the interactions among the anthropometric and the 
biomechanical models in a symbiotic relationship with the equip- 
ment used in system operation. 

Typical applications of these quantitative anthropometric and 
biomechanical models are their use in the development of inter- 
face models as COMBIMAN (computerized itomechanical man 
model), CAPE (computerized accommodated percentage evalua- 
tion), CAR (crewstation assessment of reach), SAMMIE (system 
for aiding man-machine interaction evaluation), CREW CHIEF 
(computer-aided design model of an aircraft maintenance tech- 
nician), and PLAID-TEMPUS (three-dimensional model of an 
interactive environment for the design and evaluation of system 
design and operation). Each of these interlace models relies on an- 
thropometric and biomechanical data to model the relationships 
among people, tasks, equipment, and the workplace. 

Early approaches to the development of interface models and 
their characteristics are shown in Table 4-1 (Kroemer, 1973). In 
1967, Popdimitrov (Popdimitrov et al., 1969) reported on one of 
the first interface models, BULGAR, which was used for calcu- 
lating the positions of certain parts of the body related to a per- 
son’s posture. Other approaches, such as DYNASTICK (Wartluft, 
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1971) and TORQUE MAN, LIFT MAN, and FORCE MAN (Chaf- 
fin, 1969), were based on link-joint “stick man models” ; they repre- 
sented mass properties and capabilities for exerting forces. MTM 
MAN ^ ;patrick, 1970) incorporated elementary motion times 
from tables used by industrial engineers. The ARM MODEL (Ay- 
oub, 1971) simulated two-link arm movements, using power as 
an optimization algorithm. CINCI KID (Huston and Passerello, 
1971) incorporated kinematic and kinetic aspects of the human 
body and the effects of gravity. BOEMAN (Boeing Company, 
1970; Ryan, 1971) was a complex model of a pilot sitting in an 
aircraft cockpit. This mode 1 was intended for use in the evaluation 
of the geometry of aircraft cockpits with respect to their suitability 
for the aviator. COMBIMAN (Krause and Bogner, 1987; Kroe- 
mer, 1973; McDaniel, 1976) was developed based largely on the 
experience of the Boeing Company, hence it has been called “son 
of BOEMAN.” 

Since 1973, several other interface models have been devel- 
oped. They include CAR (Edwards, 1976), CAPE (Bittner, 1975), 
ATB (Fleck and Butler, 1975; Butler and Fleck, 1980), PLAID- 
TEMPUS (Lewis 1979 a, b) and, currently under development, 
CREW CHIEF (Korna and McDaniel, 1985). These models and 
their interrelationships are discussed in the following text. 

BOEMAN 

BOEMAN is a computer-based model that was developed 
for the design and evaluation of cockpit and other crewstations 
vRyan, 1970, 1971). Although it provided a broad conceptual 
framework for the study of diverse variables, its primary reason for 
development was aimed at the assessment of the seated operator’s 
ability to move toward and reach controls. 

The operator model is made up of a system of 31 links that are 
constrained by hard angular limits at each body joint. In addition, 
a time-cost function is associated with each joint. Mathematical 
programming is used to minimize the total time as the operator 
reaches from one point to another. 

The links are typically enfleshed by truncated cones. Cockpit 
boundary surfaces are defined. Model reaches are made within 
the boundaries imposed by enfleshment and cockpit surfaces. The 
result of exercising the model is a description of the effort and time 
required to reach the controls and provides indications of the points 
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of contact between limbs and cockpit surfaces. This model has 
proven complicated to implement because of the volume of data 
required and the complexity of the cost of movement algorithms. 
Consequently, it was typically employed late in the design process. 

BOEMAN provided the conceptual bases and motivation for 
other workplace assessment models, for example, CAPE, CAR, 
and COMBIMAN. 

COMPUTERIZED ACCOMMODATED PERCENTAGE 
EVALUATION (CAPE) MODEL 

The CAPE model was developed as a design tool for the as- 
sessment of cockpit crewstation design in terms of the percentage 
of the aircrew population that could be accommodated by that 
design (Bittner, 1975, 1979). The CAPE program used a multi- 
variate Monte Carlo simulation to create a typical sample, based 
on 2,500 “pilots” that matched the means, standard deviations, 
and correlations of 13 anthropometric variables that are critical for 
the design of cockpits, that must fit a target population (Gifford et 
al., 1965). The Monte Carlo simulation component of this model 
was tested in a series of investigations that compared actual and 
Monte Carlo estimates of the proportion of a population accommo- 
dated as various anthropometric exclusions were applied (Bittner, 
1974). The Monte Carlo component was found f o be valid based 
on the results of four evaluation studies (Bittner, 1976). 

The CAPE pilot link system component was selected to aug- 
ment arm and leg reach models in the design standard for military 
aircraft (Department of Defense, 1969). This link system was 
viewed only as a baseline; the development of a later model based 
on the BOEMAN (Ryan, 1970, 1971) link system was proposed 
(Bittner and Moroney, 1975). This proposal was implemented 
subsequently in the CAR model (Edwards, 1976; Harris et al., 
1980), which replaced CAPE. 

CREWSTATION ASSESSMENT OF REACH (CAR) MODEL 

The CAR model is a design evaluation tool for determining the 
population percentage that can be accommodated by a particular 
crewstation design (Edwards, 1976; Harris and Iavecchia, 1984; 
Harris et ah, 1980). 

The CAR model allows the user to define the geometry of 
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the crewstation and to select an operator sample to evaluate the 

The CAR —hi of lrthor g 
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FIGURE 4-1 
(1984). 


CAR Link-person model. SOURCE: Harris and Iavecchia 


adding links in succession in the direction of that control. The 
links are constrained by angular limits of motion associated with 
each link joint the harness conditions, and the type of clothing. 
Since the link lengths calculated for the operator sample are for 
an unclad operator, CAR allows the user to specify whether the 
operator is wearing either summer or winter flight clothing The 
clothing specification modifies the appropriate link lengths and 
the angular limits of motion. 

Three types of reaches can be incorporated into the CAR 
model: 


Zone 1 : The shoulder harness is locked, ad the operator does 
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not strain against the harness. The lumbar, thoracic, interclavic- 
ular, and clavicular links are immobile. The remaining links are 
allowed to move within their angular limits. 

Zone S: The shoulder harness is locked, and the operator 
strains against the harness. The lumbar, thoracic, and interclav- 
icular links are immobile. The clavicular link is allowed to move 
within the confines of the harness. The remaining links are allowed 
to move within their angular limits. 

Zone 8: The shoulder harness is unlocked. All links are 
allowed to move within the bounds of their angular limits. Zone 1 
and zone 2 reaches are performed for all hand controls, where the 
shoulder harness is specified as locked by the user. Zone 3 reach is 
performed for foot controls and hand controls, where the shoulder 
harness is specified as unlocked. 

CAR evaluates each operator in the sample to determine the 
ability to place himself adequately (i.e., with respect to anchorage 
point, DEP, LOS, and head clearance) and the ability to reach 
controls for zones 1, 2, and/or 3 reach as appropriate. 

The results indicate the percentage of the population that can 
achieve visual accommodation and the percentage that is capable 
of reaching each control. Guidance in changing control positions 
for improved accommodation is given in the form of reports de- 
tailing the distance and direction of control location alteration to 
accommodate additional portions of the population. 

The flexibility of a model such as CAR was illustrated in a 
recent program for flight deck design (Stone and McCauley, 1984). 
In that study, data input was based on the anthropometric mea- 
surement of a broad range of aviation personnel in the U.S. Air 
Force, Army, and Navy. Stone and McCauley observed that, using 
the standard numerical link-person analysis provided by CAR, an 
accurate analysis of reach could be performed. Complete fit and 
function analyses required both graphic output and enfleshment 
(Figure 4-2). The resulting figures are three-dimensional and pos- 
sess the dimensional characteristics of the people created by the 
CAR program in terms of both link and body dimensions. 

For flight deck design, the CAR model generates full reach en- 
velopes in various planes, along with eye and seat reference point 
locations. All the components are then integrated to allow evalua- 
tion of alternative designs for placement of controls, displays, and 
other equipment as a function of operational task requirements. 




FIGURE 1-2 CAR three-dimensional anthropometrically variable er 
member. SOURCE: Stone and McCauley (1984- ill VSS 
permission © 1984 Society of Automotive^ngineers, Inc. ' ' ™ 

The resulting three-dimensional models of the operator tl 
equipment, and the environment can be viewed on the scre< 
in front, top, and side elevations; in isometric projection; or 
perspective from any viewpoint. This capability enables the us, 
to enter and walk around inside the model. 

. 8 ^ ale ° f model can be changed and hidden lines ca 

be removed. All objects within the model can be repositioned an 
regrouped. Further development of the CAR model will provid 
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a building block concept for systematic design and evaluation of 
various workstations. 

Efforts are under way to validate the CAR model. For exam- 
ple, based on the CAPE mode) (Bittner, 1975), the Monte Carlo 
component has been evaluated by four accommodation studies, 
which have been summarized by Bittner (1976). In addition, the 
anthropometric measurements and reach envelopes for individual 
subjects are being directly compared with model estimates under 
typical seat, restraint, and workplace conditions. Finally, CAR 
has been tested for the congruence of model reach data and exper- 
imentally derived anthropometric reach envelopes (Bennett et al. 
1982; Kennedy, 1978). 

SYSTEM FOR AIDING MAN-MACHINE INTERACTION 
EVALUATION (SAMMIE) 

SAMMIE, developed by a team of investigators at the Uni- 
versity of Nottingham, England, under the leadership of Maurice 
Bonney, *vas produced to evaluate the design of simple workstation 
layouts (Bonney et al., 1969). With SAMMIE three-dimensional 
models of equipment and environments can be built by specifying 
and assembling geometrical shapes. The anthropometric model is 
preprogrammed to represent a male of average height and weight 
based on data developed by Dempster (1955), but can be modified 
to represent other anthropometric data. 

SAMMIE consists of two independent modules: 

• Three-dimensional modeling functions: This component 
builds models of equipment or workplaces by assembling primitive 
geometric shapes or general shape definitions, as shown in Figure 
4-3. 

• Man-model : The human model consists of 19 connected 
links representing a schematic skeleton around which three-dimen- 
sional solids such as boxes, cones, and cylinders are placed to 
denote outer contours of the human body. 

The idealized flash contours can be varied to simulate body 
builds from slim to rotund (Sheldon, 1940). Each link length can 
be varied to create different body proportions and can be adjusted 
to any feasible body position. Extreme limits of joint movements 
and comfort can be included in the model. The body segments 
are connected by pin joints at the shoulders, hips, neck, knees, 
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T -ofic«l relationships are included so that 
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the expected direction, representing normal human movement as 

specified in a user-definable joint constraints table. The limbs can 
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Q tbat movement, such as clothing. 

Dlan SAMMIE HaS thC CapabiHty to create concave, convex or 
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n then examine the reflections found from any vantage point 
Another module is used to assess visibility encompassing 360 de’ 
grees of view horizontally and 180 degrees verticjy ‘ 

The following evaluations can be performed by SAMMIE: 

• ability to reach; 

• . fit of a P er son in a confined workspace, including oner- 

positions; clearances, and access aperture sizes and 
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• mirror views. 

The environmental component of SAMMIE consists of geo- 
metrical information defining solid objects, location and orienta- 
tion data, and relationships between objects and humans. 

The model can be viewed in plane parallel projection or in 
perspective (from either outside or within the model) in front, top 
and side elevations or a combination of views. The model can be 
viewed from a specific internal center of interest or from a position 
that represents the subject’s visu d view of the environment. The 
scale can be changed and hidden lines can b.' removed. 

The model, once constructed, can be repositioned and re- 
grouped as needed. It lends itself to the modeling of human inter- 
actions with control panels and workplace ergonomic evaluations 
Movement can be simulated frame by frame to evalute reach fit 
strength, balance, comfort, or vision for candidate postures. ’ ’ 


ARTICULATED TOTAL BODY (ATB) model 

The ATB model is a modified version of the crash victim simu- 

u l Pr ° g i an L d * Veloped by Cak P“ Corporation for the National 
Highway Traffic Safety Administration (NHTSA) to study human 
response during automobile crashes (Fleck et al., 1975). The U.S. 

j^°T ! Arm8 J tr0ng Aerofl P ace Medical Research Laboratory 
modified this model for application to the study of human body 
ynamics during ejection from high-performance aircraft, devel- 
oped a three-dimensional projected graphics display capability 
and applied the name articulated total body (ATB) model to this’ 
mod.fied software program (Butler and Fleck, 1980 ; Butler et al., 
1983 ; Fleck and Butler, 1975 ). 

The three-dimensional ATB model is formulated in terms of 
rigid body equations of motion. The body segments do not deform 
during motion; all body deformation occurs only at the joints that 
connect the body segments. The standard configuration consist 

,■ *? but thC 501,141 number that c “ be specified is 

limited only by the computer memory. 

8 * gmen J te are cou Pled at joints, the centers of which 
pecified by three-dimensional coordinates within each segment 
and with respect to landmarks on that segment. Each segment has 

Mdm n Jk 0rd,n fi te / y8tem definCd With re8pect to bon y anatomical 
andmarks on that segment. Coordinate systems are also defined 
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for each segment for each of the joint centers to provide for the 
application of resistive torques in the joints and to limit the range 
ot motion as a function of joint position. 

The segment masses can be specified, as can the rotational 
principal moments of inertia. The principal axes are specified 

with respect to the segment anatomical landmark coordinating 
systems. ° 

Motion or dynamic response of the body is induced by specifi- 
cation of the motion of a body segment or an external configuration 
or force that interacts with the body. In the most common appli- 
cation motion js defined by seat displacement. The body interacts 
with the seat by contact forces between planes that describe the 

fjT try ? d planes and elli PSoidaI contact surfaces that are 
attached to each segment. In addition, harnesses, air bags wind 
pressure, gravity, and prescribed forces and torques can act on 

h ° d J n 5 \ egrnent3 ) F ° r most ^Plications the body is assumed to 
respond passively; however, the model formulation does allow for 
active muscle elements (Freivalds, 1984). 

The output from the model consists of time histories of lin- 
ear and angular displacement, velocity and acceleration for each 
segment, the location on each segment of the point of contact 
with the external configuration or any other body segment, and 
,° rce ° f contact ; restraint harness forces and the forces that 

the force” 88 P * eS the body 8Urfa ce; the joint orientations and 
he forces and moments across each of the body joints; the wind 

forces on each segment, and the total body center of mass loca- 
tion, momentum, and kinetic energy. In addition, by using the 

:r': me r y p tt view q *** and Bowman, 

body graphics can be displayed in the form of three-dimensional 

r j »7.wpl‘ 8e8 ' T1 " pr ° 8ram * ,5 ° “'««■>» of 

strncTIl 6 S ‘ andard 1 . 5 ' s * gment configuration establishes a body 
structure, but individual data bases determine dimensions and in- 
ertial properties A program (GEBOD) was developed to generate 

fo a r r r:n p d e r nt,le t^Vu 3 for , aduit ma,es and fema,cs « ^ 

h.ve been developed for flying personnel based L a l^trvey 
for im. v ° r 7 e a ; iator8 (Grunhofer and Kroh, 1975) and 

7985 D.Ov. “1^ TIT !" d iraP>Cl (Chestnut et 

methods for the determination of human body segment 
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properties have been developed, ranging from the use of approxi- 
mating geometric shapes (Baughman, 1982) and measurement of 
cadaver segment properties (Chandler et al., 1975) to the U3e of 
stereophotometric methods to map the three-dimensional surface 
of the human body (McConville et al., 1980; Young et al., 1983). 
The last method has provided the most comprehensive body seg- 
ment inertial property data for both males and females that is 
currently available, and presents the data with respect to pre- 
cisely defined bony anatomical landmark segments and coordinate 
systems based on these landmarks. 

Because of the common technical interests of the U.S, Air 
Force and NHTSA in biodynamics, particularly regarding toler- 
ance criteria to mechanical forces, related model enhancements 
have been shared by both agencies and integrated into one com- 
mon code (Kaleps, 1978; Kaleps and Marcus, 1982). This code 
is used by aerospace and automotive companies, universities, and 
government agencies. 

COMPUTERIZED BIOMECHANICAL MAN-MODEL 
(COMBIMAN) 

COMBIMAN is a three-dimensional computerized interactive 
graphics technique originally developed for workplace design and 
evaluation Bates et al., 1973; Korna and McDaniel, 1985; Kroemer, 
1973; McDaniel, 1976, 1982). It is also used for selecting persons 
who fit workplaces and for mapping visibility plots. 

The man-mod^ is constructed in three stages (Evans, 1975; 
McDaniel, 1976). A 33-segmp^t link system which corresponds 
functionally to the human skeletal system is generated. Each link 
connects major points of rotation of the body segments. Two 
of the links represent the seat reference point, which serves as a 
starting point to add links sequentially to form the man-model. 
The link dimensions are based on anthropometric data that are 
entered directly or computed from anthropometric survey data. 
Each link is assigned a three-dimensional Euler-type angle that 
relates the angular coordinates of each new link to that of the 
previous link. This coordinate system places realistic limitations 
on the range of mobility of a joint and permits the repositioning 
of a distal link by moving a proximal link. Each link has up to 6 
degrees of freedom with respect to the external coordinate system. 

Version 7 of COMBIMAN (Korna and McDaniel, 1985) uses 


FIGURE 4-4 COMBIMAN man-model. “Reach Succesaful" is displayed 
after the reach is successfully performed. SOURCE: Korna and McDaniel 
(1985). 


an entirely new enfleshment technique to represent ihe irregular 
surface necessary to depict clothing and personal protective equip- 
ment. A surface is created by an array of small triangles, similar 
to the technique used in finite-element analysis. An algorithm 
determines those lines that are on the profile view (from any view 
direction) and also those lines that are essential (such as facial fea- 
tures) and eliminates all other lines before the displayed image is 
generated. The result iu a high-fidelity profile view of an irregular 
figure (Figure 4-4). 

In workplace design, the control and display panels are defined 
by cornerpoints around the man-model. Predetermined panel di- 
mensions, restrictions, and constraints are entered by light pen, 
keyboard, punched cards, magnetic tape storage, or disc storage. 
The user has the option of displaying all or a few of the character- 
istics of the workplace at one time. 

The workplace is evaluated by interaction with the three di- 
mensional human model. Although the cathode-ray tube is a 
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two-dimensional display, two orthogonal views are projected si- 
multaneously and can be rotated for viewing at any angle and can 
be magnified. In the model, however, alogrithms exist in three 
dimensions. 

The evaluation techniques consist of defining the dimensions 
of the man-model and simulating intended tasks within the work- 
place. 

The man-model dimensions can be defined in several ways: 

• Dtrect Measure: Specific measurements are entered from 
the keyboard or punched cards. 

• Data Base Summary Statistics: Percentiles computed from 
large samples are used to define the man-model. Individual seg- 
ments may be modeled for groups with different percentiles. 

• User Population: Several anthropometric surveys are in- 
corporated in the COMBIMAN model. A utility program allows 
the user to define which survey to use or to add data from other 
surveys. 

• Computer-Aided Dimensioning: Abstract human models 
can be generated from anthropometric survey data. A critical 
body characteristic relevant to the evaluation of a task can be 
called up and used to construct a proportioned man-model based 
on a series of regression equations. 

Once the man-rnodel is built, it can be positioned by com- 
mands from a light pen or keyboard. 

The COMBIMAN hand is made up of three links originating 
from the wrist: (1) grip center (for whole-hand grasp); (2) func- 
tional reach (e.g., finger grip, knobs); and (3) fingertip reach (e.g., 
pushing a button). 

The program evaluates reach capability as a function of cloih- 
mg and restraints (harness) in two ways. First, the user can select 
a control handle or pedal, or even an arbitrary point in space, and 
the COMBIMAN simulates the process of reaching to that point. 
Second, the user can select a control panel, and the model will 
compute th*' maximum reach envelope in the plane of that panel. 

If a point or control can be reached, the user can evaluate the 
force which the COMBIMAN can exert in that control location, 
in a defined direction, and to a specific control. 

The reach routine applies to the arms, legs, and head. Move- 
ments can be limited or confined, such as arm-shoulder movement 
only or arm-shoulder-trunk movement. 
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A printout and plot of the workplace providing detailed body 
dimensions of the man-model and coordinates of the workplace in 
any scale can be generated at any design or evaluation stage. 

For mapping the visual field of a workplace, COMBIMAN 
defines a range of three-dimensional head and eye positions with 
coordinates. The size of the operator, seat adjustment, head po- 
sition, and visual restrictions can all be varied. This generates 
realistic visual angles. 

Other features of the COMBIMAN include the following: 

• Change View: Views the model and crewstation from any 
angle. 

• Identify Object : Shows the name and three-dimensional 
coordinates of any characteristic of the crewstation. 

• Omit Object: Declutters the display. 

• Retrieve Crewstation: Calls up any of the crewstations 
stored in the library. 

• Visibility Plot: Plots the crewstation as seen by COMBI- 
MAN. 

• Display Anthropometry: Displays the values of sizes of the 
body segments. 

• Display Links: Displays the dimensions and angles of the 
skeletal link system of COMBIMAN. 

• Design Panel: Allows the user to add a new characteristic 
of modification to an existing crewstation. 

• Modify Posture: Permits the user to manually change the 
posture of the model. 

• Seat Adjust: Allows the user to reposition the seat. 

• Zoom: Causes a portion of the image to be magnified to 
fill the entire screen. 

• Plot: Produces paper a plot of the crewstation and COM- 
BIMAN in any scale. 

• Add Crewstation: A utility program that allows a user to 
define a new crewstation and add it to the library. 


CREW CHIEF 

The U.S. Air Force Armstrong Aerospace Medical Research 
Laboratory and the U.S. Air Force Human Resources Laboratory 
are jointly developing a computer-aided design (CAD) model of an 
aircraft maintenance technician (McDaniel, 1985; McDaniel and 
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Askren, 1985). This three-dimensional interactive graphics model 
would have an interface with existing commercial CAD systems. 
The developers expect to have an initial version available for use 
in 1988. 

The CREW CHIEF model will give the CAD designer the 
ability to use the computer drawing board to simulate mainte- 
nance and related human operator interactions with a system. 
It will represent the correct body size and proportions of the 
maintenance technician, the encumbrance of clothing and personal 
protective equipment, mobility limitations for simulating working 
postures, physical access for reaching into confined areas (with 
hands, tools, and objects), visual access (seeing around obstruc- 
tions), a*id jtrength capability (for using hand tools and manual 
materiab-handling tasks). 

The CREW CHIEF model user will be able to select data 
from a range of body sizes of both male and female maintenance 
technicians. 

The initial model will have four types of standard clothing to 
choose from: fatigues, cold weather, arctic, and chemical defense. 
The clothing interacts with the joint mobility limits for strength 
and posture to model accessibility. 

The CREW CHIEF model will display the visual accessibility 
of maintenance personnel. For example, inserting a screwdriver 
into a screw head requires that the technician simultaneously see 
and reach the screw head. The CREW CHIEF model allows the 
designer to see the task from the maintenance technician’s view- 
point and to determine whether it can be physically accomplished. 

The 12 CREW CHIEF model postures include standing, sit- 
ting, kneeling on one knee, kneeling on both knees, stooping, 
squatting, prone, supine, lying on the side, walking, crawling, and 
climbing. Some of these postures reduce the mobility of the limbs 
and the strength available to perform the task. These are only 
starting postures, however, and the designer can manipulate all 
the boay segments as required to achieve the desired posture. 
Posturing will be automated for accessibility, reach, and strength 
analyses. 

: The CREW CHIEF model will have a realistic simulation of 

the strength capabilities of a maintenance technician. AAMRL 
has recently gathered strength data relative to the manual han- 
i dling task (lifting, pushing, and pulling) for the postures described 
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above. Another major data base includes torque strength with var- 
ious hand tools. 

The CREW CHIEF model itself will be three-dimensional. To 
accurately represent the clothing, the model will have a surface 
of facets (triangles) attached to the 35 links which make up the 
skeletal link system. A simplified three-dimensional model will be 
available whenever the designer wishes to rotate the model, and 
a hidden line two-dimensional model will be available for high- 
resolution views and plots. 

PLAID AND TEMPUS 

PLAID and TEMPUS are modeling programs created specif- 
ically for the Man-Systems Division, Lyndon B. Johnson Space 
Center (JSC), National Aeronautics and Space Administration, for 
use in man-machine interface design and evaluation for the space 
shuttle and the initial space station configuration. The earliest 
concept of PLAID was an interactive graphics software system for 
the design of instrumentation panel layouts (Lewis, 1979a; PLAID 
Preliminary Specifications, 1977). PLAID is currently housed in 
a VAX 11/785 computer. PLAID will also be used with an auto- 
mated anthropometric measurement system being developed for 
JSC (Lewis, 1979b). 

PLAID is a system for analyzing the crew interaction with 
crewstations and spacecraft systems and components (Brown, 
1982). It is based on full-scale, three-dimensional, solid-geometry 
computer software models that are created interactively by the 
user. The program can represent humans in shirtsleeves and space- 
suits, crew workstations, spacecraft, find virtually any structure 
the user desires to build. These elements, called primitives, are 
assembled in the computer and viewed on the computer moni- 
tor. PLAID provides flexibility in achieving the desired renderings 
and evaluation products, while the model data base stores created 
primitives and assemblies for subsequent use (Brown, 1981). 

The user begins the modeling process by defining the end 
product. If a primitive that is required for the activity is in the 
data base, the user can assess its appropriateness for the particular 
analysis. 

All primitives are constructed in BUILD, the first major mod- 
ule of PLAID, from planar polygons created interactively by the 
user. The polygon can be built either graphically or numerically in 
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on* of six standard orthographic views (front, back, top, bottom, 
left, or right). Once polygons are created, the user can combine 
them, either by translation along one, two, or three axes or by 
rotation about some axis. Hence, a square can be translated along 
the nonrepresonted axis for conversion to a rectangular box, a 
half-circle can be rotated about its base to create a sphere; and a 
circle can be rotated about an offset axis to form a torus, 

A contour function allows the creation of a solid object by 
joining planar polygons, essentially creating a surface between 
the edges of two planes. This function is particularly useful for 
building objects with complex contours, such as the human body, 
human reach envelopes, and the space shuttle orbiter. For exam- 
ple, by using cross-sectional plots (reduced from digitized body 
mapping data in PLAID’s REACH module), a shirtsleeved crew 
member can be created graphically. 

A second major module of PLAID, COG (composite object 
generator), is the basis for grouping constructed primitives. The 
COG file contains primitive parts, COG file (subassembly) parts, 
or some combinations of primitives and subassemblies. Versatility 
can be achieved by careful selection of parts and by the COG file 
structure itself. The use of subassemblies facilitates stop- action 
articulation or motion in assembly since a subassembly has both 
its own local coordinate system and a second one in a global 
coordinate system of the assembly achieved via translation and 
rotation. By layering subassemblies and parts, a human arm, for 
example, can attach to the shoulder, yet when rotated, the upper 
arm primitive and lower arm subassembly move as a unit. At the 
next level, the lower arm, attached at the elbow, moves it3elf (a 
primitive) and the hand assembly attached at the wrist. Each 
element of the arm has its own local origin and coordinate system 
to enhance motion commands but can be translated and rotated 
to attach it to the next element in the tree. 

Final viewing and conflict checking is performed with a third 
major PLAID module, DISPLAY. Here, the user identifies the ob- 
ject (i.e., target file) of interest and specifies the other parameters 
that are required to produce the desired end product. 

Several alternatives for the final renderings are available, in- 
cluding a wire frame, in which all assembly lines are visible. This 
common-form rendition is often satisfactory for simple objects, but 
interpretation usually suffers from ambiguity. In another rendi- 
tion, hidden lines are automatically removed or shown as dashed if 
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behmd-the- scene viewing is required. A conflict detector is another 
user option in which collisions of parts are defined numerically and 
graphically for ready identification. The PLAID program also cal- 
culates between-vertex clearance. While these line drawings are 
appropriate for most applications, PLAID shaded renderings are 
also available. 

Ihe REACH module of PLAID serves as the interface with 
the anthropometric data to render crew reach and body mapping 
contours and contours from other digitized data. 

By using PLAID for interface ergonomic models, human body 
models of various sizes can be built and articulated with respect 
to workstation layouts. Improvements are sought, however, in the 
complementary software package TEMPUS to create a basic man- 
model that will interact with the PLAID program and data base 
elements. The TEMPUS user interfaces allow for a user-specified 
body to be constructed and more easily manipulated in the desired 
environment. For example, the PLAID person is articulated by 
the user on a joint-by-joint basis, with the user being responsible 
tor body size parameters and joint limits. In TEMPUS, the user 
selects a specific crew member from the data base, one or more 
anthropometric measurements, or a random body. The internal 
anthropometric data base governs the constraints for size, range of 
motion, sex, and other parameters. Thus, the computer can avoid 
the use of a trial-and-error positioning schema. 

„ a J hC modelin g is accomplished by using the data in the 
CAR model (Harris et al., 1980). Following CAR, TEMPUS cal- 
culates the body segments by using regression equations. These 
segments are then used to build a link person. One graphic pro- 
cedure that provides a realistic approach is the use of “bubble 
people (Badler et al., 1980), which are composed of hundreds 
of small spheres. Enfleshment of the link is proportional to link 
length; girth measurements are not used. Other graphics models 
include stickrnen (no thickness) and “polybodies” built of polyhe- 
rons. In each case, the three-dimensional body is generated by 
he computer and displayed graphically in the workstation (For 
a detailed review of this technique, see Woolford and Lewis [19811 
and Stramler and Woolford [1982]). J 

n Kn t T lpdg " ° f the positions of the arms, legs, head, and torso as 
well as their velocities and vectors are required to specify a body in 

motion. Specifications of forces requires knowledge of accelerations 
as well. Data storage and access requires extensive effort, however. 




63 



In the initial stages of the study of the biomechanics of astronaut 
extravehicular activity (EVAJ, a dictionary of units of motion 
is constructed. The dictionary entries are isolated motions that 
can be combined to describe complex tasks. For planning new 
tasks, the components can be extracted from the dictionary and 
combined to describe the activity. Information regarding time, 
forces, restraints, and aids that are required to perform the tasks 
can be deduced. 

A major requirement for these models of human performance 
is realistic motion data. Some rules of motion can be extracted 
from the viewing of films of human motion. However, more precise 
data can be obtained by digitizing data derived from points on the 
arms, legs, and torso as the subjects move. Automation can play 
a large role in this regard (O’Rourke, 1980). 

TEMPUS has an associated animation capability in which the 
movements of subjects and objects in the picture can be coordi- 
nated with each other and with a soundtrack. The animation is 
dependent on the operator drawing key frames in which the stages 
of motion are displayed. For example, while reaching for a switch 
the body might be portrayed in the rest position with the arm 
partly raised and the hand on the switch. The animation facility 
then generates intermediate frames between these key frames to 
interpolate motion. 

One approach to the analyses of changes in body position 
and force vectors during the performance of a task is the use of 
models rather than traditional tables. For example, the body can 
be modeled as rigid links connected with rotary motors capable 
of exerting known forces or moving at known velocities. The 
kinematics and dynamics of the body can then be modeled by 
using trigonometry, differential equations, and linear algebra. 

Digitized film data taken of astronauts are used to develop 
models of forces applied in EVA tasks. (See Bowden [1981] for a 
description of some of the pioneering efforts in this area.) This 
effort results in equations of motion that can be integrated numer- 
ically to provide position and orientation information for the body 
segments. In turn, these data can be used to drive graphic displays 
of motion to permit assessment of proposed EVA procedures. 







i 
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General Discussion 


CONCLUSIONS 

As a result of the workshop, the members arrived at the 
following three major conclusions. 

1. There is a need for an integrated model of the human body, 
its performance characteristics and limitations, and its interactions 
with technological systems. An integrated ergonomic model would 
provide a valuable tool for the development of specifications for the 
physical parameters of the work site based on the anthropometric, 
biomechanical, and interface characteristics of the operators. A 
valid model of the performance of people in technological systems 
in the early conceptual and design stages could result in substantial 
savings in terms of effort, time, and money. The development of 
an integrated computer model that describes human traits and 
limitations could prove useful to those who research basic human 
qualities as well. Thus, the need has both theoretical and practical 
implications. 

2, The development of such a model appears to be feasible . Ad- 
vances in research methods and instrumentation, many of which 
are associated with the increasing sophistication in the use of 
computerized systems, have made research feasible on the many 
anthropometric, biomechanical, and interface details, as well as 
their interactions regarding human performance capabilities and 
limitations. The establishment of a standard protocol and nomen- 
clature is essential to the integration effort. 
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3. An integrated ergonomic model would be useful for guidance 
for ^search,, development, and engineering applications. While 
current mode. 3 indicate the usefulness of the approach, they also 
reflect many of the shortcomings of the diverse approaches identi- 
fied earlier. The approaches provide solutions to specific problems 
but contribute little to a generdizable model. Typical examples 
in which an integrated ergonomic model would be very useful is 
in applications to computer-aided design (CAD) and engineering, 
which are fast evolving as major design tools. 

Requirements 

A study of the requirements for the development of a standard 
ergonomic reference data system (SERDS) was prepared by the 
National Bureau of Standards (Van Cott et al., 1978). Although 
this system was never implemented, the study provides informa- 
tion relevant to the development of an integrated ergonomic model. 
The following were some of the major findings of this study: (1) A 
definitive survey of user needs and priorities is necessary in order 
to define the scope of the system. (2) Standards must be devel- 
oped for the definition of units, measures, measurement methods, 
and data reporting. (3) An assessment of alternate technologies 
for capturing, storing, and processing ergonomic data is needed 
to identify a cost-effective approach. (4) Data derived from the 
published ergonomics literature and from the national ergonomics 
survey (discussed in the SERDS report) must be evaluated criti- 
cally. 

A preliminary survey of potential users at that time identified 
several important areas of needed research. These areas are shown 
in Table 5-1. 

Similar findings were identified at a conference on the the- 
ory and application of anthropometry and biomechanics in 1980 
(Easterby et al., 1982) and at a conference on space workstation 
human factors in 1987 (Montemerlo and Cron, 1982). 

Criteria for the Development of an Integrated Ergonomic Model 

Several general major criteria that should guide the develop- 
ment of an* integrated ergonomic model require that the model 
have the following characteristics (this list does not imply a rank- 
ing by importance): 


TABLE 5-1 


Data Requirements of Potential SERDS Users 


Area of Need 

Specific Date Needed 

Date Application 

Static 

anthropometry 

Basic human body 
dimensions as function 
of age/sex, etc. 

Design of tools and other 
hard goods; development 
of clothing siting and 
tariffs 

Dynamic 

anthropometry 

Bending and stooping 
capabilities; reach 
dimensions 

Control location and 
operation; workspace 
design 

Strength 

characteristics 

Static and dynamic force 
measurements; ’ifting; 
pushing and pulling 
capabilities 

Equipment and job design 
for industrial workers; 
product portability design 

Physiological 

characteristics 

Aerobic and anaerobic 
capacity; maximal heait 
rate; expiratory volume 

Environmental design; job 
specifications; toxicity 
levels 

Sensory/perceptual 

processes 

Measures of visual and 
auditory acuity, color 
vision 

Design of controls; digital 
displays; visual and 
auditor' warning signals 

Tolerance to 
environmental 
conditions 

Exposure tolerance to 
physical and chemical 
agents, e.g., tolerance 
to high-intensity light, 
noise, temperature, 
radia' ion 

Protection of workers and 
environmental design 

Reaction time 

Simple and complex 
reaction time to a 
variety of stimuli 

Display-control 
relationships; blade 
stopping time 

Intoimatiun 
processing/ 
cognitive functions 

Interpretation of symbols, 
learning processes, 
memory 

Design of displays, 
signals, instructional 
materials, training 
devices 

Capabilities 
of special 
populations 

Anihropometric, sensory, 
physiological measures 
of children, the aged, 
the handicapped 

Product and environmental 
design 


SOURCE: Van Cott et al. (1978). 
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• be dynamic, 

• use a common notation system, 

• incorporate or simulate the real world, 

• have three-dimensional structure, 

• be predictive, 

• be capable of being validated, 

• be user-friendly, 

• be time- and cost-effective, 

• be flexible, 

• permit rapid analysis, 

• permit on-line documentation, 

• be written in a standard language for transportability (use 
on different systems), 

• have standardized segment and whole- body coo* - dinate sys- 
tems, and 

• have graphical display capability. 

Standardization 

Standardization is a basic requirement for any kind of in- 
tegrating ergonomx model. Such standardization is particularly 
important in two key areas: common format of the input data and 
standard language to make models and submodels compatible, 
including their use on different computer systems. 

If this is not the case, each model or module needs a “transla- 
tor” that allows data exchange by software modulation. Graphics 
input and output should be in accordance with the International 
Graphics Exchange Standard Format (IGES). If certain assump- 
tions are made for the various data bases of submodels, these must 
be known to the user to make the system usable and reliable. 

Given the conclusions that an integrated ergonomic model 
and its Ddels, that is, anthropometric, biomechanical, and 
interface lels, are needed, feasible, and useful, methods for 
accompli — ig the modeling goals need to be determined. 

APPROACHES TO THE DEVELOPMENT OF AN 
INTEGRATED MODEL 

Two approaches to integrated ergonomic modeling evolved 
from the discussions at the workshop on which this report is based. 
The first approach is to develop one “supermodel” that integrates 
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the best qualities of all or most other models, while the second is . 
a modular approach, which would incorporate various existing 
models or submodels to develop an integrated ergonomic modeling 
system. The pros and cons of each approach were reviewed. 


Supermodel Approach 

Some current interface models such as PLA1D-TEMPUS, 
CAR, COMBIMAN, and Crew Chief appear to be moving in 
the direction of a supermodel approach. These models have been 
developed individually and, as a rule, are not compatible (e.g., 
there is no interface between COMBIMAN and SAMMIE). This 
incompatibility is usually a result of different data formats, de- 
grees of modeling complexity, technically different computers, and 
different modeling theories or techniques. Furthermore, the data 
and assumptions in data collection may not be appropriate for 
specific models or sets of data. 

These models are similar in many of the respects that meet 
the criteria for integrated ergonomic models. An evaluation of 
these existing models regarding their potential for integration into 
a supermodel is needed. 


Modular Approach 

A modular approach to an integrated ergonomic modeling 
system is a building block process of joining compatible modules 
with a standard structure. This allows flexibility for the user to 
incorporate those aspects of the ergonomic model or its component 
modules into as simple or complex a system as desired. For exam- 
ple, an engineer interested in fixed base activities on the ground 
might have no interest in a module that describes characteristics 
of reduced gravity or a module that incorporates platform motions 
and dynamics and their effects on the human operator. 

The modular approach requires that the modules fit together. 
They need to be designed and structured according to common 
principles and nomenclature. A modular approach thus requires 
a superstructure to make each module a true component of the 
general system. Thus, even a modular approach constitutes one 
form of an integrated ergonomic model. 

A flow chart illustrating a process for integrated ergonomic 
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models was provided by Joe W. McDaniel (Figure 5-1). It contains 
the following features: 

1. Data bases are structured in a standardized protocol so 
that a new model could retrieve a data base or a subset of a 
data base. This minimizes the number of data bases required to 
be maintained on a system and makes it easier to update the 
data bases. (Researchers and model users could develop data to 
use with the model without having to be programmers or model 
developers.) 

2. Each model has a translator or data exchange standard on 
the front end to access the required data. This feature would make 
the model less system dependent. 

3. Model users have a library of programs to use in their 

specific designs that communicate indirectly through shared d’.ta 
bases, permitting the use of smaller computers. This also prevents 
obsolescence by allowing individual models or data bases to be ac- 
quired, replaced, or upgraded individually and as needed. In this 
concept the user can select items specific to a particular modeling 
analysis. Data and computer graphics systems should be standard- 
ized to allow interchange among systems. This approach is similar 
m concept to the workspace design analysis system proposed by 
Evans (1985). J 

One approach to the development of an integrated workspace 

ro lg ^| 3 ^ Stem baSed on the modular approach is shown in Figure 
5-2 This system may be suitable to integrate operator analyses 
with existing computer design models (Evans, 1985) The sys- 
tem components, outlined in Table 5-2, provide a more detailed 
explanation of the data requirements (Evans, 1985). 

DATA REQUIREMENTS 

Users of anthropometric and biomechanical data have tended 
to rely on existing data bases, adapting, inferring, and making 
assumptions to meet their needs. For the most part, these are 
limited to the measurements made on the male U.S. soldier The 
civilian anthropometric data base, particularly that for women, is 
extremely weak. For other subsets of the population (e.g., the ag- 
ing and the handicapped), the data are virtually nonexistent. Yet, 
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FIGURE 5-2 System structure for an integrated computer-aided workspace 
design system. SOURCE: Evans (1985). Reproduced with permission. 
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TABLE 5-2 


System Components for a CAD Approach 
to the Design of Manual Workspaces 


System Components 

Implementation Approaches 

User dialogue 
interface 

Menu-based command language 

Display windows showing parameters and options 

System modes (states) 

Default— task entry 

Options— workspace entry, object definition, 
operator definition, task evaluation 

Design modes 

Preliminary design--provides design guidelines 
with incomplete workspace or task information 

Operator performance 
prediction models 

Single exertion, posture prediction 

and biomechanical analysis 

Repeated trials— biomechanical and physiological 

effects on lifting 

Time prediction based on MTM-2 get and place 
elements 

Design data bases 

Static data bases— system files of generic 
operator, workspace, or task data 
Dynamic data bases— user defined files, which 
vary with the application, and the stage of 
design 

System input and output 

System defaults for posture, gender, and 
analysis modes 

Task input syntax similar to current process 
descriptions 

Output in graphic format— workspace and operator 
three-dimensional graphics; two-dimensional 
graphs and charts of analysis results 
Output formatted to comply with designer-stated 
preferences 


SOURCE: Evans (1985), 


these populations must be accommodated in the design of hun- 
dreds of products and workspaces. For example, clothiers, pattern 
makers, and other product designers have a need for anthropomet- 
ric and biodynamic models. 

It is difficult to determine whether data from different sources 
are comparable. The names used for the same dimension can vary 
from study to study, and measurements with the same name can 
be entirely different as a result of the use of differing landmarks or 
measuring techniques (Garrett and Kennedy. 1971). 







In general, anthropometric measurements are static and pos- 
ture-dependent. While a static subject facilitates measurement, 
the technique creates a data set that describes the body only in 
relatively artificial poses and provides no direct information on 
how body size and shape change with motion. Changes in size 
and shape of the proximal ends of body segments are particularly 
pronounced as a result of muscle dynamics. In addition, body 
shape data have generally been inferred from traditional anthro- 
pometric body size data and have not been quantified. Most body 
dimensions are measured independently of e~ch other. While tra- 
ditional anthropometric analysis has a solid statistical foundation 
based on normally distributed variables, a comparable statistical 
methodology must be established for three-dimensional models. 
When a person is viewed in the lateral plane, for example, mea- 
surements for stature, shoulder height, and length of leg are all 
taken from different measurement positions, with no established 
relationships among them. Therefore, it is difficult to generate 
a three-dimensional model from these isolated measurements in a 
systematic ir.-nner without making artistic assumptions regarding 
these relationships. 

Loadings on internal structures in the body change signifi- 
cantly under dynamic conditions (Marras et al., 1984). There is a 
need to measure the dynamic loadings in vivo, however, since most 
models involving ergonomic analysis of activities have been based 
on static conditions. Three-dimensional models are needed that 
describe the acute as well as cumulative wear and tear in a joint 
caused by the dynamic motion of the body and the synergistic 
action of internal forces (e.g., muscles, ligaments, and pressures). 
Current methods such as electromyography and disc pressure mea- 
surements are questionable under true dynamic conditions. 

New transducers are needed based on noninvasive measure- 
ments such as ultrasound to identify this wear and tear. These 
devices must be capable of producing quantitative data regarding 
the load components. Dynamic biomechanical models are needed 
that do more than simply describe the position of the body or the 
body components. Optimization techniques may provide a useful 
approach. 


78 


Analysis of Muscle and Joint Dynamics 
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for measuring the mechanical impedance of the body during the 
performance of normal activities. Then it is necessary to mea- 
sure the extent of impedance modulation as a function of the task 
being performed and to correlate these data with other measur- 
able variables such as the electromyogram activity of antagonist 
muscles. 


Body Segments and Effects of Trauma 

Data are needed to develop models of specific body segments 
such as head and neck, arm and hand, and leg and foot, beyond 
those required for a total body model. An an example, a total body 
model describing the behavior in an impact situation does not 
usually require specific information about the biodynamic charac- 
teristics of the wrist-finger subsystem. This specific information 
also would be useful for the design of controls to be operated with 
small motions of the wrist and fingers, as in high-performance 
aircraft under loading in excess of normal gravity. 

Available information on the susceptibility of the body to sin- 
gle (acute) or cumulative trauma is limited. Individual excursions 
or positions in body articulation that occur in activities such as 
force exertion or the direction of certain motions may not pro- 
duce immediate trauma, but the injuries may be cumulative. We 
know that accompanying conditions such as temperature may in- 
fluence the occurrence of certain cumulative trauma items. It is 
not known, however, how the combination of these, that is, the 
magnitude of excursion, directions of excursions, and accompany- 
ing force or torque generations, together may generate cumulative 
trauma injuries to tendons or tendon sheaths or impingement on 
nerves. Although the phenomenon is known, the conditions under 
which it may occur are not fully understood. 

Bone and Link Dynamics 

Stressed bones behave differently when anisotropic assump- 
tions are made. The knowledge gained from bone modeli; % will 
apply to link models of the human body. The geometrically com- 
plex features of bone should be included in these link models since 
stress within a joint would most certainly change a a the geometric 
characteristics of interacting bone surface areas change. Studies 
of human body linkages, which are basic to the majority of human 
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body analogs, require the precise location of specific skeletal land- 
marks. Current methods in anthropometry can only approximate 
the location of these landmarks in a three-dimensional system be- 
cause of the varying thickness of overlying tissue. Finally, link 
models of the human body cannot assume that the spine is a rigid 
link, but must acknowledge its flexibility. 8 

Finite-element models of the anisotropic features of bo.ie may 
provide useful data for the development of a complete index of 

T StlCS ° f the b0dy> ^P icall y> models are needed to 
describe the characteristics of the spinal column and of body joints 
m general (Hakim and King, 1979) . y J 

Motivation and Fatigue 

in hnm Ct ° r K- SUCh ? m °! ivati ° n and fatigue P lft y important roles 
in human biomechanical actions. The control that the operator 

b^il S ,° V f er r U8 l eS ^ CaUS t 0f transitor y motivation or fatigue are 
asing factors that have been largely ignored in biomechanical 

Ztt: g r r D ° W f that r heD motivation » present, people are 

bLierh f CX ? u f ? rCC J h Ch far eXCeeds that P^dicted by most 
biomechanical models. The effects of fatigue on muscular perfor- 

mance have not been quantified. Some of the recent literature 

loTdfn™ ^ d,Cated ; hat when workers "e subjected to unexpected 
is a lar 8 p 5 greater nsk of musculoskeletal injury. There 

is a lack of suitable tneory and experimental data regarding inter- 
nal nervous control with respect to feed-forward generated^ the 

thefeedback of CN S motor signals according to 

the ieedback that is received (Kroemer et al., 1986). Consequently 

chZ^Thl ° f the fr tS ° f learning “d adaptation and of pay-’ 
* W ^ avior whl u le a Person is fatigued is difficult since the 
intern^ processes in the central nervous system are not readily 

chaneesTn^' mUCh i? f thla Captive behavior manifests 
*' * ; h f„ t ; ie mechanical parameters of the biological 
system, specifically the impedance (i.e., mechanical stiffness^nd 
effective viscosity) about the joints. These quantities are under 
elbow stiffness may be changed by a factor 
. • 100 , mo . re ) and vlrarr.atically influence the behavior of the 
mechanical system and its response to external loads. 


Research Recommendations 


The workshop members determined that an integrated er- 
gonomic model is needed, feasible, and useful. Whether a “su- 
permodel” or a “modular approach.” either constitutes a general 
model encompassing all elements in its infrastructure. The struc- 
ture of such a general model can provide a standard protocol and 
common nomenclature for the collection of data and the rationale 
for prioritizing the following research recommendations. 

Recommendation 1: Establish the objectives, procedures, and out- 
line for the development of a general '^‘grated ergonomic model. 

In this report we have identified many useful anthropomet- 
ric, biomechanical, and interface models. These models have been 
developed independently by researchers, engineers, and organiza- 
tions for specific purposes and use special procedures. In most 
cases, it is not possible to combine them. No common taxonomy 
exists that can classify these models in terms of an orderly sys- 
tem, and no common notation system exists that can describe the 
types, functions, and components of these models. 

Prepare detailed requirements and criteria for the develop- 
ment of a common conceptual framework for an integrated er- 
gonomic model. These requirements should include the develop- 
ment of a common taxonomy and language that would permit 
standardization and compatibility in collection, analysis, and col- 
lation of data from a variety of sources. Compile an annotated list 
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Measure the muscle attachment geometry either directly on 
cadavers or indirectly by stimulating muscle tension under con- 
trolled conditions. Determine the resultant torques that are de- 
pendent on the geometry of the muscle attachments. Develop 
techniques to measure the involvement of the related muscles and 
the loading on the joints. For example, coneider the use of elec- 
tromyograms to indicate the activity of the muscles involved under 
normal conditions and while fatigued (see Basmajian and DeLuca, 
1985; Chaffin and Anderson, 1984; Kroemer et al., 1986). Tech- 
niques are needed that allow measurements of the actual loading 
on the joint. 

Collect data on muscle and joint dynamics in a simulator 
under conditions of constant force fields and transitory changes in 
the force fields. 

Use the data . ollected by the«c methods to initiate the devel- 
opment, of models of single anr. cumulative trauma and bone and 
body segment link dynamics 

Identify and evaluate exis/i ^ theories on feed-forward and 
feedback signals within the body leading to the development of 
a suitable model of central nervous system control over muscle 
actions and human body motions. 

Recommendation 4 : Develop submodels and modular groups. 

Develop elemental models to provide for the development of 
modular groups. These include: 


• models of specific body segments that function in coordi- 
nation with each other such as head and neck, lower arm and hand, 
lower and upper arm, upper arm and shoulder, foot and lower leg’ 
lower and upper leg; 

• models of bones under stress under various anisotropic 
assumptions; 

• models that describe the effects of motivation on the me- 
chanical impedance of muscles and joints; these should include 
sudden bursts and sustained action; and 

• models that describe cognitive and neural functions. 

Recommendation 5: Develop a model for the generic interface 
between human modeU and workstation models. 

Describe the major elements in the interections between hu- 
r?ns and equipment in general terms. An annotated listing of 
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these elements should cover all important interfaces that place 

re^M d ^ 0n - f e - hu n“/ U8 * r phy8icaU y ( e S-> Posture, position, 
Phy8 n° 7 1Cd y ^ e g- ’ stren ? th ’ endurance, fatigue), and 
mental y / eg ‘’ V j lon ’ audition). Consider gross environ- 
atmo ^, faC . torS (*f.> redu , ced or increased gravity, acceleration, 

f r* nC DeVel ° P a * eneric ^onomy of descrip- 

tors of the interfaces between machines and the human operator 

Generic descriptors should include: descriptions of human- 

STth^nm task requirements, specifically requirements 

betwin TeT; T *, ? lt,0n °I the interchan * e information 
between the technical systems and the human. 

Recommendation 6: Develop methods and criteria for the valida- 
tion of ergonomtc models. 

so t u! abl ! aD l aCCUrate models that c an be validated are needed 

ferahn V k ““ be develo P ed and so that their trans- 

ferability can be enhanced. Determine the feasibility and approach 

cLin* thl devT ln ! eg f rated com P uter ergonomic models, in- 
cluding the development of external criteria. 
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